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Abstract 
 
Plant metabolomics is considered a holistic qualitative and quantitative analysis of 
primary and secondary metabolites under specific conditions. Metabolomics 
provides functional information that is important in the biological studies of plants. 
Moreover, chromatographic techniques in combination with mass spectrometry are 
presently commonly utilized analytical technologies that are used in metabolomics 
studies.  
Moringa oleifera (M. oleifera) is an acclaimed medicinal herb and is considered 
one of the most superior plants based on its nutritional and medicinal attributes. 
Signature compounds such as chlorogenic acids and flavonoids found in Moringa 
plants are considered beneficial as they are responsible for the health properties 
found in these plants.  Out of the 13 species belonging to the Moringaceae family, 
M. oleifera is the most widely studied.  
Furthermore, plants are known to produce compounds, such as flavonoids, as a 
response to biotic stresses (pest resistance) and abiotic stresses (harsh 
environmental conditions such as drought or cold). Other species belonging to the 
Moringaceae family such as Moringa ovalifolia (M. ovalifolia), located in the dry 
desert and semi-desert areas of Namibia, has not been reported much in literature. 
Moreover, there is very little work done on other classes of compounds that are 
possibly present in M. ovalifolia. Therefore, the significant correlation between 
desert plants and their possible increased flavonoid content is of interest in this 
study and is worth investigating. Moreover, in an effort to compare Moringa species 
in that regard, a holistic approach to metabolite fingerprinting using UPLC-qTOF-
MS was thus employed for the characterization of possible metabolite markers and 
taxonomical differences in M. ovalifolia and M. oleifera plant species (Paper I).  
From the results, 17 flavonoid compounds were identified. Interestingly, M. 
oleifera and M. ovalifolia had a similar aglycone profile, however, they had a 
different sugar moiety. Rutinoside sugar moieties were only found to be present in 
M. ovalifolia indicating that it is only capable of attaching the rutinoside sugar 
moiety to its flavonoid skeleton. M. oleifera, however, is capable of attaching many 
sugar moieties to its flavonoid skeleton. The outcomes of this research additionally 
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demonstrated for the first time the significance of sugar attachment for taxonomical 
classification of related species and that the contrasts between the grouped species 
are likely because of genetic variations as opposed to environmental influences. 
This study further provided potential chemotaxonomic biomarkers and a 
classification model was generated to classify and differentiate between closely 
related Moringa species utilizing multivariate analysis (Paper III).  
Moreover, chlorogenic acids which are esters formed between derivatives such as 
cinnamic acid and quinic acid molecules, were identified in M. ovalifolia plants 
species for the first time (Paper II ). Chlorogenic acids are difficult to identify and 
differentiate since they are structurally complex. This study demonstrated the 
effectiveness of an UPLC-ISCID-MS/MS based platform to aid in the profiling of 
isomers and derivatives of chlorogenic acids present in M. ovalifolia. This approach 
further showed M. ovalifolia as a valuable source of molecules with therapeutic 
potential.   
Based on the classification model generated in Paper II, the biomarkers identified 
were utilized in order to differentiate between 12 M. oleifera cultivars (Paper III). 
Three sought after flavonoid compounds, namely, quercetin rutinoside (rutin), 
kaempferol rutinoside and isorhamnetin rutinoside were identified as potential 
chemotaxonomic markers amongst the 12 Moringa cultivars. Metabolite 
distribution patterns of the 12 cultivars were analyzed using a metabolomics 
approach with the aid of UHPLC-qTOF-MS in combination with multivariate data 
models such as principal component analysis (PCA), hierarchical clustering 
analysis (HCA) and box-whiskers plot. According to the results, three main 
cultivars, namely: TOT4977, CHM and TOT5330 were identified as potential 
cultivars for pharmacological and nutritional purposes according to the presence 
and abundance of the three studied rutinoside bearing flavonoid molecules.  
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Chapter 1: Introduction 
 
This chapter gives a background to the study of this thesis as well as the outline 
on how the work is presented. The references arising from this section are listed 
under the Literature Review. 
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1.1 Background of the study 
  
The application of medicinal plants as alternative medicine has various aspects 
directed at improving human health care. The large amount of analytical targeted 
analyses of indigenous plants have contributed to a better knowledge of plant 
chemistry (Flamini, 2013; Roullier-gall et al., 2014). In recent time, a return is 
noticed to the traditional folk medicine and use of extracts of natural origin as 
medicines or health-promoting agents resulted in increased interest in substances 
with a specific biological activity (Sasidharan et al., 2011). Plants produce a variety 
of primary and secondary metabolites that play important roles in ecological 
interactions in the environment. It is well established that plants are producing these 
compounds in order to fight competing species, ensure appropriate space, energy, 
water and mineral resources for living and as a response to biotic and abiotic stress 
(Ramakrishna and Ravishankar, 2011). 
Natural medicinal and nutritional plants, such as Moringa oleifera, is gaining 
popularity in many African countries. This plant is known for its dietary esteem and 
its extraordinary therapeutic properties. Different parts of this plant have been used 
for different purposes, for instance: the leaves, stem bark, roots, fruit and flowers 
may be used as anti-microbial agents. The pods and seeds may perform as cardiac 
stimulants (Ewansiha et al., 2014). Earlier studies have confirmed M. oleifera 
leaves to contain strong antioxidant and scavenging activities (Chumark et al., 
2008). 
Of particular interest are antioxidants derived from plants since these compounds 
play an important role in preventing diseases caused by oxidative stress, cancer, 
heart disease and aging (Kumar and Pandey, 2013). Phenolic compounds, like 
flavonoids, are commonly considered as being responsible for antioxidant 
properties of sage plants and for their high and diverse biological activity (Kumar 
and Pandey). Thus, it is important and reasonable to study these components in new 
varieties of different plants. Such important plants growing in sub-tropical and 
tropical regions, including South Africa and Namibia, are flowering trees from the 
Moringaceae family. In addition, metabolite fingerprints could be used as possible 
metabolite markers in plant taxonomy. 
Chapter 1  Introduction 
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The study of metabolomics is an expanding technique which involves a novel 
approach of identifying metabolite profiles in a biological system such as cell, tissue 
or organism and is very relevant for Natural Product research. Due to its effective 
and efficient characteristics, this method is ideal for the study of herbal medicine.  
Utilising a metabolomics approach has shown potential for the study of 
pharmacological and nutritional related plants such as M. oleifera. The composition 
of bioactive secondary plant metabolites present in M. oleifera is determined by 
factors such as environmental factors and genetic factors, therefore, metabolomics 
allows for the profiling of the constituents resulting from these factors (Roullier-
gall et al., 2014).  Analytical analyses require the aid of powerful and high 
resolution systems such as FTIR-MS (Fourier Transform Infrared - Mass 
Spectrometry), GC-MS (Gas Chromatography - Mass Spectrometry), LC-MS 
(Liquid Chromatography - Mass Spectrometry) and NMR (Nuclear Magnetic 
Resonance) spectroscopy in combination with multivariate statistical analysis. The 
intention of using this process is not only confined to the identification of 
metabolites, but can extend in determining the biological differences between 
organisms by comparing the metabolite distribution patterns. Metabolite patterns 
may provide further knowledge of the physical state, biochemical processes and 
medicinal attributes of the organism, which we attempted to achieve in the study of 
M. oleifera plant extracts (Dunn and Ellis, 2005; Fukusaki and Kobayashi, 2005; 
Idborg et al., 2005). 
Furthermore, the use of chemometrics has become an important discipline in 
analytical chemistry which includes improving and optimizing experimental 
methods, calibration of analytical instrumentation and utilising advanced 
procedures for analysis of chemical data (Duarte, 2006). With these approaches and 
the addition of multivariate data, one can further highlight the similarities and 
differences among the data (Ali et al., 2012).  
LC-MS in particular is the preferred method for identification of non-volatile 
compounds such as amino acids, phenolic compounds and fatty acids (Tolin et al., 
2012; Jaitz et al., 2010; Della Corte et al., 2013). Many researchers have published 
LC-MS metabolite profiling studies utilising UPLC (ultra-performance liquid 
chromatography) with qTOF-MS (quadrupole time-of-flight mass spectrometry). A 
semi-targeted analysis approach with the aid of LC-MS has been connected to 
Chapter 1  Introduction 
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numerous M. oleifera studies with the attempt to annotate flavonoid and 
chlorogenic acid molecules (Madala et al., 2014; Makita et al., 2016; Ncube et al., 
2014). In contrast, however, very few studies have used this technique for semi-
targeted metabolomics analysis of chlorogenic aids found in Moringa ovalifolia (M. 
ovalifolia), a species equally belonging to the Moringaceae family and is native to 
Namibia. Similarly, very few studies address this technique for the discrimination 
of Moringa cultivars from different geographical locations based on their metabolic 
content using UPLC-qTOF-MS together with multivariate statistical analysis. We 
show in this study that this work is at the cutting edge of plant metabolomics, as we 
have characterized different Moringa cultivars from various geographic roots, but 
now cultivated at the same place, through the identification of common metabolites. 
The background literature pertaining to this study is provided in depth in the 
Literature Review section (Chapter 2). 
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Chapter 2: Literature Review 
 
 
 
Chapter 2 focuses on the literature review. The topics addressed outline practical 
and scientifically based approaches for conducting plant metabolomics studies. 
Extraction and analytical techniques utilized for identification and assurance of 
metabolites are discussed in detail.  
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2.1 Introduction to metabolomics  
 
The study of metabolomics is a scientific examination of chemical processes due to 
the presence of metabolites present in a biological sample. It is an “omics” approach 
that has emerged in recent years as a tool specifically for the analyses and 
understanding of metabolites and their metabolic processes (Rochfort, 2005; 
Tweeddale et al., 2006; Weckwerth, 2003). Metabolomics examinations takes a 
preview of the physiological status of the metabolites present in the cell or tissue at 
a particular point in time (Tugizimana et al., 2013; Ncube et al., 2014; Ramabulana 
et al., 2015). This approach can be used to describe the key links between genotype 
and phenotype by describing genetic and environmental modifications due to 
biological systems (Fiehn 2002; Suberu et al., 2016). This differs from traditional 
hypothesis driven “omics” approaches such as genomics, proteonomics and 
transcriptomics as metabolomics is a data driven scientific discipline  (Ivanisevic et 
al. 2016; Kell and Oliver, 2004). Moreover, metabolomics compared to traditional 
“omics” approaches reflect changes in the phenotype of a particular organism or 
tissue (Gomez-casati et al., 2013). The advantages of this approach is that it’s 
relatively inexpensive, rapid and an automated technique (Gomez-casati et al., 
2013).  
 
Metabolomic analysis focuses on understanding complex molecular problems in a 
biological system and  adaptation to the environment causes stresses on biological 
systems (Moco et al., 2007; Rochfort et al., 2010). This phenomenon thus causes 
alterations to the genome as well as to the primary and secondary metabolites  
(Moco et al., 2006). Metabolites are organic compounds present in a biological 
system that can further characterize the biochemical phenotype of a cell or tissue 
under specific conditions (Dunn and Ellis, 2005; Fiehn, 2002; Fukusaki and 
Kobayashi, 2005; Idborg et al., 2005). In plants, identifying primary and secondary 
metabolites is beneficial for the enhancement of crops as well as for Natural Product 
research, ecology and plant biochemistry (Moco et al., 2006).  
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Researchers can go as far as using metabolomics to analyse the response of cells 
due to the environmental changes by quantifying the change in concentration of the 
metabolites (Sumner et al., 2003). Metabolites such as amino acids, organic acids, 
fatty acids, vitamins and inorganic compounds are particularly challenging to 
analyse due to their complex nature (Rochfort et al., 2010).  According to Rochfort 
et al., (2010), the plant system is estimated to comprise of over 200, 000 
metabolites. In one system alone, 50 flavonoids were identified in M. oleifera Lam 
leaves (Rodríguez-Pérez et al., 2015). In this manner, different logical techniques 
and terms have been utilized as a part of metabolomics studies primarily to 
accomplish an intensive investigation of the plant metabolome, and is listed in 
Table 1 below. 
 
Table 1: Terms utilised for metabolomic analysis (Allwood et al., 2011; 
Tugizimana et al., 2013; Dunn and Ellis, 2005). 
 
Terminology Definition 
Metabolome The complete set of metabolites present 
in an organism or system 
Metabolomics Identification and quantification of 
metabolites in a biological system 
Metabolite Compounds involved in cellular 
metabolomics reactions 
Metabolite profiling Involves the identification and 
quantification  of metabolites with the 
aid of chromatography and advanced 
detection methods  
Metabolite fingerprinting Involves metabolite profiles obtained 
from crude samples without 
identification 
Metabolite “targeted approach” Qualitative and quantitative analysis of 
selected metabolites 
Metabolite  “untargeted approach” Comprehensive analysis of all possible 
metabolites in a sample 
 
Chapter 2                                                                                                              Literature review                                                                           
   
8 
 
2.1.2 Targeted, Semi-targeted and Untargeted approaches 
 
Studies that are hypothesis driven are intended to acquire holistic metabolic 
profiling data on a wide variety of metabolites with the intent to identify novel and 
unobserved changes in the metabolome which can provide information of 
mechanisms, biological functions or applied as a biomarker (Lammerhofer and 
Weckwerth, 2013). In analytical chemistry, there are three analytical strategies 
applied in metabolomics, namely: untargeted, semi-targeted and targeted. 
Untargeted and semi-targeted approaches, or known as metabolic profiling or 
metabolite profiling, address a specific hypothesis and the data obtained is more 
semi-quantitative. Semi-targeted analysis in particular, addresses the metabolites to 
be assayed prior to the experimental stages and further analytical methods are 
developed to detect these metabolites based on accuracy, precision, sensitivity and 
selectivity (Lammerhofer and Weckwerth, 2013). Semi-targeted metabolomics 
have utilised platforms such as Liquid Chromatography Mass- Spectometry (LC-
MS) to screen specific metabolites pertaining to a specific pathway or class (Ncube 
et al., 2014; Khoza et al., 2014; Ramabulana et al., 2016). Targeted approaches 
address biochemical pathways and mechanisms and also confirm biomarkers in a 
system (Scalbert et al., 2009). The data obtained in a targeted approach is more 
quantitative and is validated with the aid of internal standards and reference 
compounds (Scalbert et al., 2009). (Huhman and Sumner, 2002; Jander et al., 
2004). The major differences between untargeted, semi-targeted and targeted 
studies is sample preparation, analytical signals identified and quantification of 
metabolites (Scalbert et al., 2009; De Vos et al., 2008). 
 Furthermore, this study reports the differences between Moringa cultivation 
species at a metabolic level. In addition the study also shows the utilisation of a 
semi-targeted approach for the analysis of flavonoid and chlorogenic metabolites in 
Moringa plant extracts (see Chapter 4, Papers I-III). Comparison of the 
approaches based on the analytical signals is summarised in Figure 1 below. 
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Figure 1: A flow diagram comparing targeted and untargeted approaches utilised 
in plant metabolomics studies (De Vos et al., 2008). 
 
2.1.3 Field applications of metabolomics applications 
 
Metabolomic studies can be used not only to illustrate cellular functions in 
biological systems caused by bioactive compounds, but it can also be used in quality 
assessment programs that entail quality of crops and nutrition. Moreover, 
metabolomics applications have been used in drug development and medical 
diagnosis. In analytical chemistry, it has been used in the development of methods 
in order to understand the fate of trace organics. Lastly, in biological sciences, the 
use of metabolomics has lead to the advancements of genotyping, biomarker 
discovery and gene function elucidation (Bino et al., 2005; Hall, 2006). 
Furthermore, the focus of this study aims at using metabolomics approaches to 
explore chemical diversity in metabolomics strategies amongst natural products 
utilising chemotaxonomy approaches. 
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2.2 Metabolomics workflow 
 
The plant metabolome is the final downstream product of the genome and consists 
of highly complex, low molecular weight primary and secondary metabolites 
(Suberu et al., 2016; Roberts et al., 2012; Hagel and Facchini, 2008). Due to the 
multifaceted nature of the metabolome, procedures for metabolomics analysis is 
necessary and should be considered for the investigation of the whole plant 
metabolome (Tugizimana et al., 2013). Furthermore, with the use of high 
throughput analytical technologies including various extraction methods and 
comprehensive profiling of biological compounds, this process is achievable (Hagel 
and Facchini, 2008).   
 
Metabolomics is considered an investigative tool and consists of three experimental 
stages: (1) sample preparation (metabolite extractions), (2) data acquisition and 
lastly (3) data mining with the aid of chemometric methods as shown in Figure 2 
below (Tugizimana et al., 2012). 
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Figure 2: Schematic flowchart of the metabolomics workflow (Tugizimana et al., 
2013). 
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2.2.1 Sample preparation 
 
Sample preparation is a crucial step as practical considerations need to be 
administered from the start for correct isolation of compounds (Kim and Verpoorte 
2010). Sample preparation involves four experimental steps namely: harvesting, 
drying, extracting plant material and extract preparation for analysis (Kim and 
Verpoorte, 2010). 
 
Harvesting is considered a critical step and plant samples should be administered 
with care as metabolic changes can lead to sample variability (Tugizimana et al., 
2013). Sample degradation due to enzyme degradation and oxidation causes 
variability which may lead to inaccurate results (Kim and Verpoorte, 2010). To 
avoid enzyme degradation of harvested material, techniques such as quenching 
halts the physiological processes (Kim and Verpoorte, 2010). Quenching methods 
include treating the samples with acid, utilisation of an enzyme inhibitor and high 
concentration of organic solvents (Fiehn, 2002; Kim and Verpoorte, 2010).  
 
Following quenching, extraction is the next step. Plant metabolite structures are 
unique and differ significantly. They form a multitude of compounds that vary 
based on size, solubility, volatility, polarity, quantity and stability (Dunn and Ellis, 
2005;  Moco et al., 2007; Sumner et al., 2003). There are different extraction 
methods which include  liquid-liquid extraction (LLE), supercritical fluid extraction 
(SFE), solid phase extraction (SPE), pressurised liquid extraction (PLE), 
microwave assisted extraction (MAE) and ultrasound-assisted extraction (UAE) 
(Garcia-salas et al., 2010).  
 
The various methods routinely employed to extract metabolites are vast, however, 
the most common method used for metabolite extraction is liquid-solid extraction 
(LSE). Chemical properties of organic and aqueous solvents should be considered 
as different metabolites require specific extraction methods (Kim and Verpoorte, 
2010). For instance, a combination of methanol/water is best suited for the 
extraction of semi-polar compounds such as phenolic acids, flavonoids, alkaloids 
and glycosylated sterols, whilst chloroform is best suited for the extraction of polar 
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carotenoids (Moco et al., 2007). Therefore, it was specifically applied in this study 
as described in subsequent chapters (see Chapter 4 and the Appendix section).   
 
2.2.2 Data acquisition 
 
A number of analytical platforms are used in metabolomics studies providing 
advantages such as sensitivity, selectivity and reproducibility (Tugizimana et al., 
2013). Such analytical platforms include: Gas chromatography-mass spectrometry 
(GC-MS) (Olivier and Loots, 2012); capillary electrophoresis-mass spectrometry 
(CE-MS) (García-pérez et al., 2008; Ramautar et al., 2006), liquid chromatography- 
mass spectrometry (LC-MS) (Lu et al., 2008), nuclear magnetic resonance (NMR) 
spectroscopy and fourier-transform infrared (FT-IR). Of these, analytical methods 
GC-MS,  LC-MS and NMR are the most popular used in plant metabolomics as 
they are capable of determining a variety of metabolites (Allwood and Goodacre, 
2010; Tugizimana et al., 2013; Fiehn, 2002; Sardans  et al., 2011). For the scope of 
this thesis, LC-MS was used as an effective analytical platform due to its sensitivity, 
catering to semi-polar to polar compounds  and its frequent use in the identification 
of secondary plant metabolites (Tugizimana et al., 2013). In fact, LC-MS has been 
proven to be the preferred analytical platform for metabolic profiling and 
metabolomics studies (Metz et al., 2007). The full usability of this instrument is 
discussed below: 
 
2.2.2.1 Ultra-performance liquid chromatography coupled to MS 
(UHPLC-MS) 
 
The separation of metabolites by LC is with the aid of conventional 
chromatography on a column. More specifically, separation of complex metabolites 
can be achieved with the use reverse phase C18 column (Allwood and Goodacre, 
2010; Dunn and Ellis, 2005).  Reports have shown numerous applications of this 
column for the analysis of multiple secondary metabolites from several biological 
sources (Seger et al., 2013; Ncube et al., 2014; Madala et al., 2014; Makita et al., 
2016).  
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LC interfaced with MS (LC-MS) system combines the separating power of LC in 
plant crude extracts with MS which aids in confirming the identity of compounds 
of interest (Patel et al., 2010). Mass spectrometry has proven to be a preferred 
method for molecular analysis as it provides accurate information on the molecular 
weight and fragmentation patterns of analyte molecules of interest. It further 
provides the detection of accurate masses and assigning chemical formulas of the 
detected ions (Allwood and Goodacre, 2010; Spaggiari et al. 2013). Several multi-
detection methods for the analysis of flavonoids, chlorogenic acids and 
glucosinolates have been employed over time. Recently, large prospects with the 
use of LC-MS have been reported by scientists such as Khoza et al., (2014), who 
reported the use of UPLC-qTOF-MS to analyze pharmacologically important 
metabolites such as chlorogenic acids and flavonoids in M. oleifera (Khoza et al. 
2014).  
This hyphenated analytical platform packed with smaller porous particles illustrates 
high-quality separations and detection capabilities used to characterize compounds 
in complex samples. The advantages of this technique include: 
 
 small injection volume  
 reduced time of analysis  
 fast screening of complex samples where analytes of interests are unknown  
 high separation power (Bouhifd et al., 2013). 
 
Electrospray ionization (ESI) has gained momentum due to its versatility and its 
simple, vigorous interface that is capable of analyzing various polar molecules at a 
range of 100-200,000 Dalton (Bristol Biochemistry Research Center, 2013; Anon, 
2007). The ionization system is considered as a powerful strategy for fingerprinting 
applications for complex compounds found in plant extracts (Sawaya et al., 2004). 
It is also a method that involves transferring ions into a gas phase.  Prior to the 
development of ESI-MS, there were several ionization methods used by researchers 
such as electron ionization and chemical ionization, however, these techniques 
failed to overcome the susceptibility of analyte fragmentation (Grayson, 2011).   
 
The ESI-mass spectometer consists of three main components such as ion source, 
mass analyzer and detector (Figure 3). Samples are introduced to the mass 
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spectrometry via LC. Once in source, samples are subject to ionization and intact 
molecular and fragmentation ions are produced (Banerjee and Muzumdar, 2012). 
After they acquire some energy, they are then transferred to the mass analyzer. The 
mass analyzer then sorts them according to their mass to charge ratio (m/z value). 
Various mass analyzers may be utilized, however, in this study we used quadruple 
time of flight mass spectrometry (qTOF-MS) (Banerjee and Muzumdar, 2012) (see 
Chapter 4, Papers I-III).   
 
 
Figure 3: The component of the ESI-mass spectrometer 
(http://www.cif.iastate.edu/mass-spec/ms-tutorial). 
 
ESI can be applied in both negative and positive polarities. There are three vital 
processes that involve transferring the sample from the HPLC to gaseous ions that 
will be taken to the mass spectrometry.  These include: 
 
 The production of charged ions at the tip of the Taylor cone 
 Decreasing charged droplets 
 Constructing highly charged gaseous ions (Baily, 1988; Cloupeau and 
Prunet-Foch, 1990). 
 
In ESI, samples are dissolved in a polar solvent where it is passed to an electrospray 
needle which contains high voltage between the needle and nozzle. The high 
voltage causes the sample fluid to form into what is known as the Taylor cone, 
which contains positive and negative ions at the tip (Anon, 2007; Banerjee and 
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Muzumdar, 2012). The electric field causes the Taylor cone to produce a spray of 
charged droplets. During evaporation, the droplets shrink and are carried by dry gas 
such as N2 to the front of the ionization source (Anon, 2007; Bristol Biochemistry 
Research Center, 2013). In the mass analyzer, small droplets are created and pass 
through a small aperture where they are transferred into a high vacuum.  Once the 
sample arrives at the spray chamber it is in the form of a mist or droplets. At 
maximum temperatures, drying gas such as N2 evaporates any remaining solvent 
from the droplets. Charged ions are moved to the capillary due to voltage gradients 
between the spray needle and the entrance of the capillary as well as the difference 
in atmospheric pressure (Anon, 2007; Bristol Biogeochemistry Research Center, 
2013). During solvent evaporation, “Coulombic explosion” occurs, which refers to 
the droplet being ripped into pieces due to the surface tension notwithstanding the 
charge. At this point, smaller charged droplets are formed (Anon, 2007; Bristol 
Biogeochemistry Research Center, 2013). The formation of charged analytes 
molecules enables high molecular weight components to be analyzed (Anon, 2007; 
Bristol Biogeochemistry Research Center, 2013).  A summary of the technique is 
shown in Figure 4 below. 
 
 
Figure 4: A schematic diagram of the ion-source (Banerjee and Muzumdar, 
2012). 
Furthermore, ESI has an added advantage of enabling fragmentation when required 
by the use of instrumentation such as ISCID (In Source Collision Induced 
Dissociation). The advantages of this instrumentation at several energies provides 
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controlled and reproducible fragmentation that can further be searched against 
complex libraries (Fanali et al., 2013). An UHPLC-qTOF-MS-ISCID based semi-
targeted metabolomics approach was effectively employed to investigate 
pharmacologically relevant metabolites in M. ovalifolia plants (Chapter 4, Paper 
II). 
 
2.2.3 Data analysis/mining  
 
Superior instrumentation, like LC-MS, have the ability to produce large data (Cook 
and Rutan, 2014; Dunn, 2008). Procedures such as pre-treatment and pre-
processing have been utilised to reduce variations in data  (Cook and Rutan, 2014; 
Tugizimana et al., 2013). Pre-treatment is considered an important step as it 
involves minimising and extracting features from the raw data (Kalogeropoulou, 
2011). Different pre-processing steps are utilised in order to produce clean data in 
the form of normalised peak areas that reflect the metabolite concentration (Van 
den Berg et al., 2006). The steps that are involved in pre-treatment include: noise 
filtering, peak detection, de-isotoping, peak alignment, peak identification and data 
normalization (Berg et al., 2013; Castillo et al., 2011). Subsequently, data 
undergoes pre-treatment methods such as centering, scaling and transformation 
(Berg et al., 2006). Various software packages are available specifically for 
metabolomic data processing such as MarkerlynxTM (Waters Corporation, Milford, 
MA, USA), MetAlign (Plant Research International, The Netherlands), XCMS 
online (www.xcmsonline.scripps.edu), Metaboanalyst (www.metaboanalyst.ca). 
The cleaned data matrix is then analyzed statistically. The quality of the results is 
completely reliant on multivariate data analysis and how the analyst processes the 
data as covered in the subsequent sections below: 
 
 
 
 
2.2.3.1 PCA (Principal component analysis)  
 
Principal component analysis is one of the common statistical tools used 
specifically for unsupervised approaches (Happyana et al., 2012). This technique 
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simplifies complex data and represents multivariate data in a low dimensional space 
(Happyana et al., 2012). Moreover, PCA has the proficiencies for finding 
relationships and variances in the data, therefore, constructing a model of how a 
chemical system performs, as seen in Figure 5 (Happyana et al., 2012). 
Mathematically in PCA modelling, principal components (PC) represent variances 
in a data set that are algebraically expressed in the form of variables, where the first 
principal component (PC1) contains the largest possible variance (PC1), the second 
largest variance is presented in the second principal component (PC2) and the same 
applies to subsequent PC’s (Tugizimana et al., 2013;  Liu et al., 2010). During PCA 
analysis, orthogonal linear transformations occur between correlated variables 
(Madala et al., 2012). The score plot provides information and visualization of the 
relationship between sample groups such as trends, groupings and outliers 
(Tugizimana et al., 2013). A more detailed description and visual comparison of M. 
oleifera cultivars as seen on the PCA score plot can be found in Chapter 4, Paper 
III. 
 
Figure 5: The PCA score plot demonstrates observations in the model plane and 
the loadings plot demonstrates the influence of the variables present in the model 
plane (Trygg and Holmes, 2007). 
 
2.2.3.2 Hierarchical clustering analysis (HCA) 
 
Chapter 2                                                                                                     Literature Review      
   
19 
 
HCA is known as a pattern recognition technique that organizes sample data into 
tree structures, with the main structures further dividing into sub-clusters primarily 
based on information in the numeric data (Tan et al., 2005). It is known as an 
unsupervised pattern recognition technique because clusters are formed from 
objects, or more specifically, metabolites without any prior knowledge of what 
those metabolites are.  There are two types of HCA, namely, agglomerative and 
divisive. Agglomerative is a method in which the object begins as a cluster and 
pairs of clusters are further formed as the hierarchy moves up until one major cluster 
remains at the end (Costa, 2014). The second method is a divisive method, which 
is an opposite approach that involves objects beginning in a single cluster and 
dividing into smaller clusters (Costa, 2014). HCA is represented in the form of a 
dendogram. HCA requires a distance metric for linking two clusters in order to 
determine which clusters should be split or merged (Costa, 2014). The most 
common distant measure is a Euclidian distance which is the geometric distance 
between two points.  
 
Previous studies have shown that the combination of PCA and HCA can be utilized 
as a visual aid to differentiate significant differences between plant cultivars. For 
instance, in a study by Opara et al., (2010), apart from the 82 unique biomarkers 
identified, HCA and PCA revealed significant differences between the clusters of 
cultivars (Opara et al., 2010). In a similarly study by Tikunov et al., (2015), PCA 
revealed metabolite differences as well as within-type variation which was 
demonstrated by the clear separation between 94 tomato cultivars (Tikunov et al. 
2005). HCA visually demonstrated a distinct cluster separation of the cherry 
tomatoes from the beef and round type tomatoes (Tikunov et al., 2005). Likewise, 
a similar approach was utilized to determine significant differences between 12 
Moringa cultivars based on their unique metabolite content which is illustrated in 
Chapter 4, Paper III. 
 
 
 
2.2.3.3 XCMS online modelling  
 
XCMS is a free open source software and is considered one of the most efficient 
tools for pre-processing MS-data. It is a refined statistical analysis tool as it offers 
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many options for data handling and visualization of mass spectrometry based, 
untargeted metabolomics data (Kalogeropoulou, 2011; Gowda et al., 2014). The 
pre-processing steps processed through the Metlin database include peak detection 
and matching, Rt alignment, matched filtration and filling in any missing peaks 
(Gowda et al., 2014). The XCMS platform provides the ability to compare two 
groups and multi-groups comparisons with the aid of visual and statistical 
interactive tools such as the interactive plot in Figure 6 below. The interactive cloud 
plot expresses metabolite features (bubbles) based on their significance level (p-
value), fold change, m/z ratio, Rt and intensity (Gowda et al., 2014). Further 
description of this technique can be found in the Appendix section. 
 
Figure 6: Metabolic data from the interactive cloud plot taken from XCMS online 
programming (Gowda et al., 2014). 
 
2.2.4 Metabolite identification  
 
Metabolite identification is ever progressing, with topics centred on addressing 
what methods best define a valid metabolite identification (Creek et al., 2014). Four 
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levels of identification have been established by the Chemical Analysis Working 
Group of the Metabolomic Standards of Initiative (MSI; http://www.metabolomics-
msi.org/). Identified metabolites are compared to authentic chemical standards 
(Level 1). At levels 2 and 3, the metabolites identified can be compared to literature 
as opposed to using authentic standards as confirmation. Lastly, level 4 relates to 
unknown identified compounds. Metabolite identification in an untargeted 
approach with the aid of LC/MS involves comparing metabolites in many samples 
in relative abundancies without prior screening based on their unique mass-to-
charge ratio (m/z) and retention time (m/z-Rt pair) (Vinaixa et al., 2016). Studies 
have applied this technology to determine closely related plant taxa, different 
varieties of individual taxa and plants at various development stages (Cao et al., 
2011) (As mentioned in Section 2.2.2.1). In this current study, metabolomics was 
utilised to investigate different M. oleifera cultivars (as seen in Chapter 4, Paper 
III) and comparison of M. oleifera and M. ovalifolia plant species (as seen in 
Chapter 4, Paper I). 
 
2.3 Application of metabolomics and chemotaxonomy 
2.3.1 Natural products 
 
Natural products are low molecular weight compounds with a unique structural 
diversity. They have been studied in many disciplines such as medicine, 
pharmacology, biology and chemistry and have contributed to many areas of 
research and development such as nutrition, agriculture, cosmetics, biotechnology, 
food chemistry and environmental chemistry. The use of metabolomics in plant 
research has gained momentum due to the benefits that it has on human health, food, 
pharmaceuticals, plant breeding and nutrition assessment. Furthermore, the 
contingency and diversity of metabolites present in plants compared to other 
organisms contribute to the importance of metabolomics in plant research 
(Akiyama et al., 2008). 
Fruits and vegetables comprise of a significant number of bioactive molecules that 
impart health maximizing benefits. These bioactive compounds are a major source 
of dietary antioxidants that have several properties such as increasing plasma 
antioxidant capacity, diminishing mortality related diseases such as atherosclerosis, 
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cardio and cerebrovascular diseases as well as lowering high blood pressure (De 
Lacerda De Oliveira et al., 2014).  
 
Bioactive compounds available in these plants, fruits and vegetables come in a wide 
variety and are structurally unique and diverse. The chemical compounds include 
vitamins, phytochemical compounds, isopernoids (terpenoids), protein/amino 
acids, carbohydrates and its derivatives, lipidic compounds and minerals (Ajila et 
al., 2011; Liu, 2004., De La Rosa et al., 2009).  
 
Plants such as M. oleifera, is said to have medicinal and nutritional benefits     
(Pakade et al., 2012). Several researchers have also reported the leaves of M. 
oleifera to reduce severe medical conditions such as infectious diseases, 
cardiovascular, gastrointestinal, haematological and hepatorenal disorders 
(Rodríguez-Pérez et al., 2015). The therapeutic potential of Moringa leaves stems 
from phenolic compounds such as flavonoids (Rodríguez-Pérez et al., 2015). 
Bioactive components present in plant foods (fruits and vegetables) are very diverse 
and include a wide range of chemical compounds with varying structures, such as 
vitamins (Figure 7). The protective effects of consuming fruits and vegetables is 
primarily due to secondary phenolic metabolites (Crozier et al., 2009). 
 
 
Figure 7: Bioactive phytochemicals in plant foods  (Liu, 2013). 
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2.3.2 Chemotaxonomy 
 
Plant classification is achieved by comparing the morphological, physiological and 
chemical characteristics in plant species (Lee et al., 2015). Chemotaxonomy is an 
advantageous tool for classification of plant species as this method is primarily 
based on identifying the differences in chemical compounds of various plant species 
(Lee et al., 2015). This approach also highlights the presence, absence or amount 
of secondary metabolites (Seaman, 1982). 
 
This tool has been utilized for the classification of plant species based on their 
phylogenetic genus (Kim et al., 2012). Metabolomics (especially LC-MS) in 
combination with chemometrics has been extensively used and reported for 
chemotaxonomical classification of medicinal plants (Kim et al., 2012). 
Furthermore, analytical tools such as 1H-NMR, LC-MS and GC-MS have used 
metabolomics approaches for chemotaxonomic purposes in plants belonging to the 
same genus and have been reported (Farag et al., 2012; Gao et al., 2012; Georgiev 
et al., 2012; Kim et al., 2010; Xiang et al., 2011). The addition of metabolomics 
provides a snapshot of the metabolome as a whole, and therefore provides a more 
holistic approach (Tugizimana et al., 2013; Wink et al., 2010).  
Metabolomic techniques in combination with chemometric tools such as PCA, 
HCA and OPLS-DA delivers an easier, faster and consistent method for 
chemotaxonomy classification (Schulz and Baranska, 2007).  
 
Moreover, at present their neither exists studies for metabolomics techniques for 
chemotaxonomic approaches for the classification of different cultivars, nor does 
there exist studies applying LC-MS for plant taxonomic purposes, of which this 
Thesis addresses in Chapter 4. 
2.4 Plant secondary metabolites 
2.4.1 Flavonoids 
 
Secondary plant metabolites, such as flavonoids, have many biological functions. 
They are naturally occurring antioxidants and have been found to be responsible for 
a variety of pharmacological activities (Chen et al., 2013). They are likewise 
referred to cure degenerative ailments, for example, cardiovascular infections, 
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malignancies and different diseases (Cook and Samman, 1996; Rice-Evans et al., 
1995). Moreover, previous reports have shown flavonoids capable of inducing 
human protective enzyme systems. Flavonoids are classified under six subgroups 
namely: chalcones, flavones, flavonols, flavandiols, anthocyanins and 
proanthocyanidins and are synthesized via phenylpropanoid pathway (Ferreyra et 
al., 2012). The basic skeleton structure consists of two aromatic rings (A and B) 
connected through a pyrone ring (C) as demonstrated in Figure 8. Significant 
flavonoid compounds such as kaempferol, quercetin and isorhamnetin are present 
in plant cells as 3-O glycosides such as glucose, glucoroniside, galactoside and 
rutinoside (Ono et al., 2010). According to Rodriguez-Perez et al., (2015), the most 
predominant subclass of flavonoids found in M. oleifera is derived from kaempferol 
and quercetin derivatives (Rodríguez-Pérez et al., 2015). These sugar moeities 
generally bind to the hydroxyl group on 3’, 4’ or 7’ of the aglycone. Structurally, 
C-glycosides differ from O- glycosides whereby the glycosyl moeities attach on the 
C-6’ or C-8 position of the aglycone A ring as depicted in Figure 8. 
 
Figure 8: Skeleton of Diphenylpropane (De la Rosa et al., 2009). 
 
The growing interest of C-glycosyl flavonoids has grown immensely during the 
past decade due to the widespread biological applications of these flavonoids. 
Glycosylation, which involves the sugar conjugation from a sugar donor to an 
acceptor, often occurs after the completion of aglycone biosynthesis (Kim et al., 
2013). The sugar attachment at certain positions of the aglycone provides 
diversification of these metabolites (Ono et al., 2010).  Glycosylation is mediated 
by glycosyltransferase (UGTs) by the attachment of a selection of sugars to 
flavonoid aglycones. These sugars include glucose, galactose, arabinose and more 
(Kim et al., 2013). The presence of these enzymes is of particular importance 
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because they modulate the bioactive activity of compounds in plants (Méndez and 
Salas, 2001). 
 
With the increasing interest in flavonoids as bioactive compounds concerning both 
nutritional and health promotions, researchers have characterized flavonoids with 
stimulating biological effects (Robak and Gryglewski, 1996). Due to the 
complexity of the metabolome, certain analytic platforms are needed to cover 
variety of flavonoids. These techniques are discussed in detail in Section 2.2.2. 
Further information of the flavonoid metabolites that were identified and 
characterized in the Moringa species is found in Chapter 4, Paper I. 
 
2.4.2 Chlorogenic acids (CGA) 
 
Chlorogenic acids (CGA) are esters of trans-cinnamic esters, that occasionally 
occur in nature, such as caffeic acid (3, 4-dihydroxycinnamic acid), ferulic acid (3-
mehoxy, 4-hydroxtcinnamic acid) and p-coumaric acids (4-hydroxycinamic acid) 
(Clifford, 2000; Clarke and Macarae, 1985). They are said to contain antioxidant 
properties that prevent oxidative degeneration in food, cells and organs (Belay and 
Gholap, 2009). Previously, diets rich in cholorogenic acids have been reported to 
confer resistance against diseases coupled with oxidative stress such as cancer, 
cardiovascular, aging and neurodegenerative diseases (Manach, 2004; Fujioka and 
Shibamoto, 2008). As previously mentioned, CGA’s are abundant in nature in the 
form of trans isomers, however, when exposed to UV radiation they’re converted 
into cis-isomers. The most common naturally and commercially available CGA is 
5-O- caffeoylquinic acid (5-CGA). Chlorogenic acids are products of either the 
phenylpropanoid pathway or shikimate pathway (Figure 9) that’s induced based on 
environmental stresses such as wounding and infection caused by pathogens, UV 
radiation and high visible light vessels (Hermann, 1995; Haard and Chism, 1996). 
From an analytical perspective, CGAs are challenging to identify due to their 
structural similarities and thus putative characterization of these compounds are 
achieved with the aid of ion trap-MS based platforms  (Ncube et al., 2014). Further 
information of the chlorogenic metabolites identified and characterized in M. 
ovalifolia species is found in Chapter 4, Paper II. 
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Figure 9: Proposed pathways for chlorogenic biosynthesis in plants (Mahesh et 
al., 2007). 
 
2.5 Moringa family 
 
The Moringaceae family is the monogeneric flowering plant family, with Moringa 
being the single plant variety. This is characterized by 13 species of dicotyledonous 
tropical and sub-tropical flowering trees (Padayachee and Baijnath, 2012). The 13 
species of Moringa include Moringa arborea, Moringa borzeana Mattei, Moringa 
concanensis, Moringa drouhardii, Moringa hildebrandtii, Moringa longituba, 
Moringa oleifera Lam, Moringa ovalifolia, Moringa peregrine, Moringa pygmaea, 
Moringa ruspoliana and Moringa stenipetala (Tropicos.org, 2012).  
 
Moringa is known to be called by different names in many regions such as 
“drumstick,” “horseradish tree”, “clarifier tree” and “mother’s best friend (Natural 
News, 2011). The Moringa tree is known as a multipurpose tree because every part 
of the tree can be used for food, medicinal and industrial purposes (Moyo et al. 
2011). 
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Figure 10: Moringa oleifera pictures taken from Hammanskraal, Gauteng, South 
Africa. 
 
Figure 11: Moringa ovalifolia, picture taken from Tsumeb, Namibia. 
 
2.6 Nutritional and medicinal value  
 
The leaves, specifically, can be used as a herb in salads and can be preserved for 
long periods of time without refrigeration while still maintaining its nutritional 
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value (Rodríguez-Pérez et al. 2015). In South Africa, Moringa Development 
Association of South Africa (MDASA) was formed in 2013 that continuously 
endorse the consumption of Moringa leaves in the form of a nutritional supplement 
to be used by the local folk in their daily diets (www.mdasa.org). The leaves are 
reportedly said to contain four times more calcium than milk, three times more 
potassium than bananas and seven times the vitamin C than oranges (Razis et al., 
2014; Teixeira et al., 2014). 
 
The plant is also reported to contain vitamins such as Beta carotene (vitamin A), 
Thiamine (vitamin B1), Riboflavin (vitamin B2), Niacin (vitamin B3), Pyrodixine 
(vitamin B6), Biotin (vitamin B7) and Tocopherol (vitamin E) (Pakade, 2012). 
Moreover, Moringa also contains useful minerals such as calcium, copper, iron, 
potassium, magnesium and zinc. According to Farooq et al. (2012), the leaves are 
abundant in iron so much so that they are prescribed for pregnant expecting 
mothers. 
 
Apart from the vitamins and minerals Moringa possesses, it is known to contain 
over 46 antioxidants, therefore, making it a pre-dominant source of cancer 
preventing agents (Anwar et al., 2007). Antioxidants are known to alleviate the 
body of free radicals (Fridovich, 1978). According to previous reports, flavonoids 
such as quercetin and kaempferol prevail in Moringa (Rodriguez-Perez et al., 
2015). Other major antioxidants found in Moringa include: β- sitosterol, 
caffeolyquinic acid and zeatin (Moringa4life, 2011).  A summary of its uses are 
shown in Figure 12 below. Moreover, Moringa was utilised as a model plant in this 
current study (Figure 10 and 11).  
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Figure 12: Summary of the different uses of Moringa (Foidl et al., 2011). 
 
Furthermore, the purpose of this study was to apply a UHPLC-MS method to 
evaluate and compare the metabolite profiles in M. oleifera and M. ovalifolia 
(Figure 10 and 11) as well as to determine the differences between twelve M. 
oleifera cultivars at the metabolome level (Figure 13).   
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Figure 13: Twelve Moringa oleifera cultivars from different locations but harvested at the Agricultural Research Council (ARC) at 8 months 
and analyzed for chemotaxonomy purposes. 1- CHM; 2-LIMPOPO; 3-SH; 4-TOT4100; 5-TOT4880; 6-TOT4893; 7-TOT5330; 8-4977; 9-
TOT5028; 10-TOT5077; 11-TOT5169; 12-TOT7266.
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                Chapter 3: Objectives of the Study 
 
This section gives the general and specific objectives, justification and novelty of 
the study.  
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3.1 Main objectives 
 
To apply a UHPLC-MS based metabolomics approach to evaluate and compare the 
metabolic profiles in M. oleifera and M. ovalifolia as well as to determine the 
differences between M. oleifera cultivars at the metabolome level.  
3.2 Specific objectives 
  
 Report the use of in-source collision induced dissociation (ISCID) to 
develop an LC–qTOF-MS method for the profiling of the chlorogenic acid 
(CGA) in the leaves of M. ovalifolia, a species endemic to Namibia. 
 
 Using a semi-targeted metabolite approach for the comparison of the 
flavonoid metabolite differences in M. oleifera and M. ovalifolia with the 
aid of UPLC-qTOF-MS. 
 
 Use multivariate data modelling to evaluate data from LC-qTOF-MS for the 
metabolic profiling of 12 M. oleifera cultivars using LC-qTOF-MS for 
chemotaxonomic classification.  
3.3 Research question 
 
Are both Moringa species similar in their metabolite profile and can the 
metabolomics approach be used to evaluate the medicinal and nutritional value? 
Furthermore, can metabolomics be used to identify the superior Moringa cultivar 
utilising LC-MS? 
3.4 Hypothesis 
 
 H1.  A UHPLC-MS based metabolomics approach can be used to compare 
species of M. oleifera and M. ovalifolia. The same approach can be used to 
compare cultivars of M. oleifera cultivars sampled from different locations, 
but cultivated in the same area. 
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3.5 Novelty 
 
There have been numerous reports on M. oleifera with regards to its nutritional and 
medicinal benefits, however, there is no information on M. ovalifolia and its 
medicinal properties.  Furthermore, this will be the first time the metabolite 
composition of the two species are compared and hence, we are reporting the 
significance of  taxonomical grouping of related species based on their sugar 
attachment. Moreover, a semi-targeted approach will be undertaken to identify 
pharmacological relevant metabolites found in M. ovalifolia. Furthermore, 
comparison of the metabolic content present in 12 Moringa cultivars with the aid 
of multivariate statistical tools provides an indication of the biochemical patterns 
of variation amongst the cultivars, and to advance our understanding of taxonomic 
and evolutionary relationships with the species with hopes of determining a superior 
Moringa cultivar for nutritional and medicinal purposes. 
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                   Chapter 4: Publications 
 
This chapter lists three publications submitted for examination. Each manuscript in 
this chapter is formatted into the style requirement as per the requirements of the 
particular journal published. Furthermore, the reference styles of each journal 
publication differs. Papers I and II have been submitted and published. Paper III is 
a completed manuscript intended to be submitted to Frontiers in Pharmacology.  
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Paper I 
This paper titled “Comparative analysis of the flavonoid content in Moringa 
oleifera and Moringa ovalifolia with the aid of UHPLC-qTOF-MS fingerprinting,” 
was submitted to South African Journal of Botany and the presented format is for 
that journal. It explores the difference in the flavonoid content in the two Moringa 
species based on their sugar attachment to the aglycone.  
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Paper II 
 
This paper titled “UPLC-qTOF-MS profiling of pharmacologically important 
chlorogenic acids and associated glycosides in Moringa ovalifolia leaf extracts,” 
was submitted to South African Journal of Botany and the presented format is for 
that journal. It investigates major chlorogenic isomers with the aid of UPLC-ISCID-
MS/MS in Moringa ovalifolia leaf samples 
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Paper III 
This paper titled “Rutinoside-bearing flavonoids are chemo-taxonomical markers 
for efficient identification of pharmacologically potent Moringa oleifera Lam. 
Cultivars,” was submitted to Frontiers in Pharmacology. The presented format is 
for that journal. It investigates the distribution of three sought after rutinoside 
bearing flavonoids in twelve Moringa cultivars for pharmacological and nutritional 
purpose.
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Rutinoside-bearing flavonoids are chemo-taxonomical 
markers for efficient identification of pharmacologically 
potent Moringa oleifera Lam. Cultivars 
 
Charlene Makita1, Ewa Cukrowska1, Ashwell Rungano Ndhlala2, Hafiz 
Abdelgadir2, Luke Chimuka1, Paul Steenkamp3,4, Ntakadzeni Edwin Madala3*. 
 
1Molecular Science Institute, School of Chemistry, University of Witwatersrand, 
P/Bag 3, Braamfontein 2050, Johannesburg, South Africa. 
2Agricultural Research Council, Vegetable and Ornamental Plants (VOP), Private 
Bag X293, Pretoria 0001, South Africa 
3Department of Biochemistry, University of Johannesburg, P. O. Box 524, 
Auckland Park, 2006, Johannesburg, South Africa. 
4CSIR Biosciences, Natural Products and Agro-processing Group, Building 20, 
Pretoria, 0001, South Africa. 
 
*Correspondence: emadala@uj.ac.za; Tel.: +27-115-594-573 
 
Abstract: Recent evidence has shown that consumption of plants rich in phenolic 
compounds has health-promoting benefits. Amongst these plants, include Moringa 
oleifera Lam.  (Moringaceae) which has gained significant attention due to its high 
contingency of secondary metabolites. It has been also shown that the quantity of 
nutritional and health promoting secondary metabolites in M. oleifera is cultivar 
specific. As such, in the current study, the distribution of three highly sought after 
flavonoid (quercetin rutinoside (rutin), kaempferol rutinoside and isorhamnetin 
rutinoside) was investigated using untargeted metabolomic approach with the aid 
of UPLC-qTOF-MS. The results of this pilot study, suggest only three out of the 
twelve cultivars investigated were found to contain these flavonoid molecules in 
significant amounts. The current results, therefore, suggest rutinoside-bearing 
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flavonoids as a potential marker for taxonomical grouping of different cultivars of 
M. oleifera which can definitely help with selection of pharmacologically potent 
cultivars. 
Keywords: Moringa oleifera, UPLC-qTOF-MS, chemotaxonomy, rutinoside, 
pharmacology. 
 
1.0 Introduction 
Moringa oleifera is known to be an essential commodity in countries such as India, 
Pakistan, Philippines, Hawaii and many African countries (Anwar et al., 2007).  For 
many people, this plant has been considered a food supplement due to its high 
content of nutritional chemicals (Rajangam et al., 2001). Apart from the nutritional 
content it contains, it has numerous biological activities and operates as a cardiac 
stimulant, aphrodisiac, diuretic and possesses cholagogic properties (Pakade et al., 
2012; Devaraj et al., 2016). The chemical constituents of this plant have been shown 
to include other medicinal related compounds such as saponins, flavonoids, cardiac 
glycosides and alkaloids (Stohs and Hartman, 2015). 
  
During the last decade, there has been an increase in the cultivation of Moringa 
trees due to its high biomass under intense farming conditions (Makkar and Becker, 
1996). Plant breeding does not only improve the agronomic and medicinal traits of 
plants, but techniques such as marker-assisted systems can be used as a useful tool 
to aid in hybrid selection (Canter et al., 2005).  It has been shown that M. oleifera 
cultivars differ from each other and show diverse differences in growth 
performance, leaf-mass production and secondary plant metabolite content (Förster 
et al., 2015). The use of plant metabolomics has made it possible to analyse the 
metabolite composition between plant species and cultivars, therefore, giving us a 
broad perspective of the phenotypic and genotypic differences amongst plant 
varieties as a result of gene expression (Farag et al., 2014). Metabolomic 
approaches in combination with chemometric data tools  such as multivariate data 
analysis (MVDA) models allows key biological information to be interpreted from 
complex data sets (Kwon et al., 2014; Madala et al., 2014).  
Chapter 4                                                                                                                        Publications                        
   
               65   
 
Apart from the genetic makeup, cultivation practises were also shown to have the 
most significant influence in growth performance, leaf-mass production and 
secondary plant metabolite content (Förster et al., 2015). Only recently has the 
differences in the composition of secondary plant metabolites amongst cultivars 
been the basis for cultivation of cultivars, which this present study addresses 
(Ferreira et al., 2008). Our previous studies on Moringa revealed that not all 
Moringa species share similar metabolites (Makita et al., 2016).  The results further 
showed for the first time the importance of sugar attachment for taxonomical 
grouping of related species and that the differences between the species are likely 
due to genetic differences rather than environmental variations (Makita et al., 
2016).  
Therefore, in this current study, an investigation into the distribution patterns of 
highly sought-after, rutinoside-bearing flavonoids in twelve cultivars of M. oleifera 
was performed using UPLC-qTOF-MS. A comparative study using complementary 
multivariate statistical analysis platforms such as principal component analysis 
(PCA), hierarchal clustering analysis (HCA) and box-and-whiskers plots were 
utilised. This revealed underlying differences of the metabolic profile, relationship 
and health promoting attributes amongst twelve diverse M. oleifera cultivars. 
Results from this study thus provided new knowledge about the bioactive 
compounds found in these cultivars and probed what could be seen as possible 
superior and optimal cultivars among agronomists and farmers. 
 
2. Materials and Methods  
2.1. Plant collection 
 
Seeds of the twelve M. oleifera Lam. cultivars were obtained from different 
geographical locations around the world [through the World Vegetable Centre 
(AVRDC)] and grown at the Agricultural Research Council (ARC) (Roodeplaat, 
South Africa). Different cultivar details and where they were originally obtained is 
shown below. 
a) Cultivars TOT4893, TOT4951, TOT4977, TOT5028, TOT5077, TOT5169, 
TOT5330 and TOT7266 originated from Thailand 
b) TOT4100 originated from Taiwan 
c) TOT4800 originated from USA 
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d) SH originated from Silver Hill, South Africa  
e) CHM originated from Limpopo province, South Africa 
 
Briefly, ground leaf powder (2 g) was extracted with 20 mL of 80% aqueous 
methanol (MeOH) with sonication for 30 min. The mixture was centrifuged for 15 
minutes at 25ºC at a high speed of 5000xg with a swinging –bucket to remove any 
excess tissue debris. Thereafter, the liquid supernatant was transferred to a round 
bottom flask and reduced to approximately 1 mL with the aid of a Büchi rotary 
evaporator at 65ºC. The resulted extract was then transferred to a 2 mL Eppendorf 
tube and further dried to completeness under vacuum at 45ºC. The dried extracts 
were reconstituted in 1 mL of 50% MeOH and finally filtered through 0.22 µm 
nylon filters. The resulting extracts were then stored in a freezer at -20 ºC so as to 
avoid degradation until they were analysed on the UPLC- qTOF-MS. 
 
2.2. Metabolite separation and analysis 
 
Metabolite separation and detection was achieved using an Acquity UPLC system 
hyphenated to SYNAPT G1 HDMS mass spectrometer (Waters, MA, USA), of 
which, three repeats of the extracts from each cultivar was analysed. The 
chromotagraphic separation of the M. oleifera extracts was accomplished on a 
Waters BEH C18 reverse phase column (150 mm x 2.1 mm, 1.7 µm) (Waters, MA, 
USA) and the column temperature controlled at 60°C. The mobile phase consisted 
of 0.1% formic acid in deionized water (Eluent A) and 0.1% formic acid in 
acetonitrile (Eluent B). The gradient was programmed as follows: the initial 
conditions were 98% eluent A followed by multiple gradients to 5% at 26 minutes. 
The conditions were kept constant for 1 minute and then changed to the initial 
conditions. The injected volume of each extract was 1 µL at a constant flow rate of 
0.4 mL/min which was maintained for 1 minute. The chromatographic method was 
a total run time of 30 minutes. Chromatographic separation was monitored using a 
photodiode-array detector (PDA), which was set to scan 200-500 nm and collecting 
20 spectra per second, was coupled in tandem to an electrospray ionization mass 
spectrometer (ESI–MS) detector.  
MS detection parameters were applied with the following parameters: an 
electrospray ionization quadrupole time-of-flight mass spectrometry (ESI-qTOF-
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MS) detector was used and Leucine enkephalin (556.227/554.2615 Da) was used 
as reference calibrant at a constant flow rate of flow rate of 0.1 mL/min to obtain 
typical mass accuracies of at least 3 ppm. The mass spectrometer was operated in 
both negative and positive ionization modes with a capillary voltage of 2.5 kV, the 
sampling cone at 30 V, and the extraction cone at 4 V, multichannel plate detector 
potential at 1600 V, source temperature at 120 °C, desolvation temperature at 
450°C, cone gas flow at 50 L/h, and desolvation gas flow at 550 L/h.  The scan time 
was 0.2 seconds and an interscan delay of 0.02 s covering the 100 to 1000 Dalton 
mass range. For identification purposes, different fragmentation experiments were 
achieved by alteration of the trap collision energy levels to mimic MSE experiments. 
MassLynx TM software (Waters Corporation, MA, USA) were used to visualise the 
raw data from data matrix generated from UHPLC-qTOF-MS for accurate 
statistical modelling. 
 
2.3 Multi-variate data analysis (MVDA) 
To create a data matrix for multivariate data modelling, the acquired raw data was 
imported to SIMCA version 13.0 (Soft independent modelling of class analogy) 
software (Umetrics Corporation, Umea, Sweden). Initially, the UPLC-MS data was 
exported and analysed with the aid of the MarkerLynx XS™ software (Waters, 
Manchester, UK). The following parameters were used for maximum data output: 
The following parameters were chosen: retention time (Rt) of 1–27 min, mass range 
of 100–1000 Da, mass tolerance of 0.02 Da and Rt window of 0.2 min. The analyses 
conditions/parameters were kept constant for both negative and positive data. The 
dataset obtained from MarkerLynx XS™ was transported to the SIMCA 13.0 
software to generate principal component analysis (PCA) and hierarchal clustering 
analysis (HCA). Pareto scale was utilised for both models. PCA and HCA are 
utilised as visual tools to determine the differences between samples based on their 
metabolic profiles.  The validity of the generated models were determined by 
metabolic diagnostic tools such as: cumulative model variation in the matrix X, 
R2X (cum) which is the goodness-of-fit-parameter the proportion of the variance 
of the response variable that is explained by the model, R2Y (cum) and predictive 
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ability parameter (R2Y (cum)), also known as the total variation fraction of matrix 
X predicted by an extracted components. 
 
2.4. Statistical analysis and metabolite identification 
 
The UHPLC-ESI-MS data was analysed using MarkerLynx TM software to obtain 
peak alignment, peak finding, peak integration and retention time (RT) with the 
following parameters: Rt range of 1-27 min, mass range of 100-1000 Da, mass 
tolerance of 0.05 D, Rt window of 0.2 min. This highly dimensional data was 
transferred to Microsoft Excel. The peak area under the curve with respect to the 
masses (m/z) from the twelve M. oleifera cultivars was used to create Box-and-
Whiskers plots with the aid of SPSS version 22 software (IBM, United States). 
 
3.0 Results and Discussion 
 
3.1 Multivariate data analyses and visual differences of cultivars 
There is a strong body of evidence supporting multivariate statistical analysis for 
identification of primary and secondary metabolites as biochemical markers for use 
in breeding programs for different types of plants (Arbona et al., 2009). The 
favoured analytic platform for the analysis of polar to non-polar metabolites 
extracted from methanol is UHPLC-qTOF-MS (Ncube et al., 2014). Visual 
inspection of the stacked base peak intensity (BPI) chromatograms of the 12 
Moringa cultivars (Fig. 1) show a high degree of instrument reproducibility. The 
visual inspection of the BPI chromatograms did not show any clear differences 
between the cultivars, however, through single ion monitoring we noticed clear 
differences in peak intensities and presence or absence of some of the peaks 
amongst cultivars shown in Fig. 2.  
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Fig.1: UHPLC-MS-BPI chromatograms (ESI-) of twelve M. oleifera cultivars:   
4880; b- 5028; c-LIM; d- SH; e- 4977; f-5077; g-5169; h- TOT7266; i- 4100; j-
4893; k- TOT5330; l-CHM. 
 
 
Fig. 2: UHPLC-qTOF-MS chromatographic analyses of cultivars 4977, 4100 and 
CHM.  
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ESI negative chromatograms show clear differences in peak intensities between 
these three representative cultivars. Furthermore, the use of metabolite 
fingerprinting approach with the aid of UPLC-qTOF-MS revealed potential bio-
markers (Fig. 1). Amongst these potential bio-markers, three were of importance 
since they exhibited an interesting distribution/trend across different cultivars. 
Upon further investigation through accurate mass, fragmentation pattern and 
comparison to authentic standards, these three peaks were identified as kaempferol 
rutinoside, rutin and isorhamnetin rutinoside (Fig. 4, 5 and 6). Rutin eluted at 
retention time (RT) 14.07 min with precursor ion [M - H]-   at m/z 609.1441 and  
produced fragmentation product ions  at m/z 300.0217 representing quercetin 
aglycone (Fig. 5a and 6a) (Hvattum et al., 2002; Martucci et al., 2014). Another 
peak at retention time 16.48 min and precursor ion at m/z 593.1526 was identified 
as kaempferol rutinoside. This molecule produced a product ion at m/z 285.0364 
representing the kaempferol aglycone (Fig. 5b and 6b) (Vagiri et al., 2015). The 
third peak was identified as isorhamnetin rutinoside eluting at retention time 16.98 
min and precursor ion [M-H]-   at m/z 623.1693 (Gutzeit et al., 2007). Similar to the 
other former two metabolites, the identity of this molecule was further confirmed 
by the presence of an isorahmanetin aglycone ion at m/z 315.0472 (Fig. 5c and 6c). 
Ironically, even though the ESI negative data was sufficient to carry out positive 
annotation of these metabolites, ESI positive data was found to be more efficient to 
deduce the sugar sequence and for strengthening of our metabolite identities (Fig. 
5 and 6). 
In our recent work, kaempferol rutinoside, rutin and isorhamnetin rutinoside 
compounds were only found in M. ovalifolia (obtained from Namibia) but absent 
from two M. oleifera ecotypes (obtained from South Africa and Namibia) as 
demonstrated in Paper I. However, the presence of rutin has been previously 
reported in M. oleifera (Amaglo et al., 2010), suggesting that it could be a cultivar-
specific component. As such, this highlights the importance of determining which 
Moringa cultivars contain these pharmacologically relevant metabolites 
(Habtemariam and Varghese, 2015; Wang et al., 2016; Farag et al., 2014; Fujimura 
et al., 2011; Makita et al., 2016; Zhang et al., 2014;  Förster et al., 2015; Girennavar 
et al., 2008).  
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The visual inspection of the BPI chromatograms shows clear differences in peak 
intensities and presence or absence of some of the peaks (Fig. 1). Such differences 
point out to the differences in cultivars on a metabolic level. Therefore, to provide 
comparative interpretations and essential unbiased confirmation of the metabolic 
differences amongst cultivars, multivariate statistical analysis was utilised to 
analyse the LC-MS data sets.  
 
 
Fig. 3: Structures of kaempferol rutinoside, quercetin rutonoside (rutin) and 
isorhamnetin rutinoside identifies in the leaves of M. oleifera cultivars. 
 
 
Fig 4: Single ion monitoring chromatogram showing the presence of quercetin 
rutinoside, kaempferol rutinoside and isorhamnetin rutinoside
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Fig. 5: UPLC-qTOF-MS chromatogram of M. oleifera leaf extracts showing (a) quercetin rutinoside (b) kaempferol rutinoside and (c) isorhamnetin 
rutinoside flavonoid peaks detected in negative ionization mode. 
Fig. 6: UPLC-qTOF-MS chromatogram of M. oleifera leaf extracts showing (a) quercetin rutinoside (b) kaempferol rutinoside and (c) isorhamnetin 
rutinoside flavonoid peaks detected in positive ionization mode.
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3.2 Multivariate PCA and HCA of UHPLC–qTOF-MS data 
 
To further investigate the differentiation amongst the twelve cultivars, the data was 
analysed with multivariate data analyses such as PCA and HCA. By definition, 
PCA is known as an unsupervised model which is used to display clustering and 
differentiation between or within the sample groupings (Trygg and Holmes, 2007). 
Furthermore, a chemotaxonomic approach was utilised for classification of the 
cultivars. In this study, the grouping of the cultivars is of primary importance. The 
score plot of the twelve cultivars showed PC1versus PC2 explaining 13.2% and 
11% of the variation respectively (Fig. 7). The PCA revealed congestion of cultivars 
as well as differential clustering of samples into two distinct groups, but group 2 
still showed subdivision. 
Within group 1, tight clusters of cultivars were formed, suggesting that the cultivars 
could be related. Group 2 showed three sub-divisions although not tightly clustered. 
From this deduction, we can also conclude that the cultivars grouped in group 2 
contain a chemical composition that is different from each other and from the 
cultivars in group 1 (cultivar TOT4893). With the aid of HCA, we can get a clear 
picture of how groups relate to one another and how individual plots amongst a 
group relate to each other such as those observed in the Vernonia Schreb plant 
species where using multivariate analysis approaches such as PCA and HCA 
segregated ten plant species based on their metabolic profiles (Martucci et al., 
2014).  
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Fig. 7: PCA Score plot analyses of the twelve M. oleifera cultivars. PCA score plot 
illustrating the different clustering of samples based on their metabolic differences. 
 
3.3 Hierarchical cluster analysis 
 
Hierarchical cluster analysis (HCA) was conducted to reveal the relationship of the 
cultivars investigated, further providing a more detailed image of each metabolites 
contribution to the differentiation between cultivars. Confirmation of our findings 
were associated with the correlated variables found in PCA (Suberu et al., 2016). 
The output of the HCA computation is commonly displayed as a tree-like diagram 
called a dendogram, which is displayed in Fig. 8. The dendogram was divided into 
two distinct clades. The most distinct species, “4893” clustered completely separate 
from the other species. The rest of the cultivars that fell in clade 2 had subsequent 
subclades (Fig. 7). The distinct separation of the two clades mimicked the similar 
pattern of grouping of groups 1and 2 visualised in the PCA score plot (Fig. 7). The 
subsequent clades illustrated in clade 2 and the large grouping of cultivars from 
group 2 shown in the PCA (Fig. 8) could indicate that although the metabolites are 
similar in the cultivars, they display different behaviour in each of the cultivars (as 
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seen pictorially in the box and whiskers plot section 3.5. This further highlights that 
chemometric analysis in combination with metabolite composition could be an 
effective tool to explore the phylogenetic relationships within species (Dong et al., 
2015). 
 
 
Fig. 8: Hierarchichal clustering analysis (HCA) of twelve M. oleifera cultivars: 
HCA depicting the metabolic profiles and relationship between twelve M. oleifera 
cultivars. 
 
The replicates of each cultivar, in the second clade, were clustered into one group. 
The clustering of the cultivars in the second clade could be due to the genotype of 
the cultivars based on their geographical locations, however, it’s important to note 
that even though the cultivars were sampled from different locations 
geographically, they were harvested at the same location under similar conditions. 
This indicates that the variation between them is primarily associated with genetic 
differences between the cultivars. This was contrary to eight M. oleifera cultivars 
sampled from different states in India. According to the dendogram, the cultivars 
were grouped into four sub-clusters but without any distinct geographical pattern 
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(Saini et al., 2012). Authors attributed this phenomenon due to the close proximity 
of the states where they were sampled which caused the spread of planting materials 
and high rates of gene flow through cross-pollination (Saini et al., 2012). The 
biological variation amongst the cultivars harvested from different locations is less 
than cultivar-to-cultivar variance (Dong et al., 2015). Further analysis is needed to 
probe the metabolomic differences between the cultivars. In order to unearth these 
differences, the cultivars that showed a distinct grouping, from the second clade, 
were studied further with the aid of box and whiskers plots. 
3.4 Distribution of the compounds in cultivars using Box-and-Whiskers plots 
 
As previously stated, the distribution of these three metabolites across the studied 
cultivars was found to vary significantly (Fig. 5, 6 and 10). Furthermore, the 
presence of these three molecules was shown to be remarkably higher in cultivars 
TOT4977, CHM and TOT5330 as opposed to the other cultivars were significant 
variation occurs. These results suggest that the production of these highly-sought 
compounds is cultivar specific. Recently, other pharmacologically relevant 
metabolites were also found to be ecotype specific in Citrus grandis L. Osbeck 
(Zhang et al., 2014)  and in M. oleifera in particular (Förster et al., 2015),  
suggesting a possible difference in the genetic make-up across the different 
cultivars currently cultivated around the world. Further assessment of these results 
show that rutin appeared as the most abundant flavonoid compound in cultivars 
TOT4977, CHM and TOT5330 (Fig. 10), when compared to the other two 
rutinoside-bearing flavonoids. Isolation of flavonoids, rutin in particular, has also 
been shown to present a challenging exercise owing to the fact that it is easily 
transformed and it also sensitive to certain extraction methods (Dawidowicz et al., 
2016). This could be one reason why these metabolites are rarely reported in M. 
oleifera plants (Rodriguez-Perez et al., 2016; Khoza et al., 2014). Rutin 
accumulation was, however, reported to be significantly different between matured 
leaves and other organs in Dimorphandra mollis (Lucci et al., 2009), again 
suggesting its restricted distribution even within a plant. Similarily, kaempferol 
rutinoside showed a similar distribution amongst cultivars TOT4977, CHM and 
TOT5330, whilst, the lowest amount was present in cultivars TOT4100, TOT4893 
and TOT5169 exhibited a low peak intensity amongst these cultivars (Fig. 10).  The 
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presence of isorhamnetin rutinoside, in these results, was found to be lowest in 
cultivars TOT4977, CHM and TOT5330. Interestingly, although cultivars 
TOT4977, CHM and TOT5330 fell in the same clade on the HCA plot (Fig. 8), 
cultivars TOT4977 and TOT5330 were originally sampled from the world 
vegetable center (AVRDC) and CHM was sampled from Limpopo. Therefore, it 
would appear from the HCA that they have some common points of origin in 
evolutionary history and given the even spread amongst these cultivars 
demonstrated in the PCA (Fig. 7), the results may highlight that genetic 
modification is an important contributor to metabolite variability.  
 
Furthermore, as previously stated, these cultivars, which also fell in cluster 2 in 
HCA, accumulated the highest amount of quercetin rutinoside as the dominant 
flavonoid. Amongst these cultivars, the concentration of quercetin rutinoside was 
the highest in cultivar TOT 4977. Thus this cultivar could be a resource for 
extraction of quercetin rutinoside due to the much higher amount found compared 
to the other cultivars. In the flavonoid biosynthetic pathway of seed plants, naringin 
is hydroxylated at the 3- position by flavonone 3-hydroxlase (F3H) to yield 
dihydrokaempferol then converted to dihydroquercetin by flavonoid 3’- 
hydroxylase (F3’H) which is finally converted to quercetin (Fig. 9). We speculate 
that the flavonoid biosynthetic pathway in cultivars TOT4977, CHM and TOT5330 
lead directly to quercetin which would explain the noticeably higher levels of 
quercetin in these cultivars compared to kaempferol and isorhamnetin (Wang et al. 
2016). 
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Fig. 9: Schematic diagram of the flavonoid biosynthetic pathway. 
 
The variability of metabolites is thought to be due to environmental conditions (De 
Graaf et al., 2015), however, in the current study all these cultivars were cultivated 
at the same place and time to exclude environmental factors (Ndhlala et al., 2014). 
Therefore, we can conclude that the observed chemical differences, under similar 
environmental conditions, are due to the genetic makeup of the cultivars (Förster et 
al., 2015). Moreover, cultivars containing low amounts of these compounds could 
be due to their previous environmental conditions where their original parental lines 
were grown, which might have influenced their genetic makeup. For instance, the 
glucosinolate content was found to increase under moderate drought stress in 
Brassica carinata A. Braun and Brassica rapa L., ssp. Rapa (Gutbrodt et al., 2011). 
Similarily, anthocyanins and quercetin glycosides in apple fruits increased after 
exposure to the sun (Treutter et al., 2010), a phenomenon which can ultimately 
become a permanent phenotype. 
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Fig. 10. Box-whiskers plots showing the distribution of kaempferol 
rutinoside, quercetin rutinoside and isorhamnetin rutinoside across 12 
different M. oleifera cultivars. 
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3.5 Significance of kaempferol rutinoside, rutin and isorhamnetin rutinoside 
 
Studies have shown the positive correlation of plant derived foods containing 
flavonoids to have a positive effect on human health (Calderón-Montaño et al., 
2011). In fact, countless epidemiological studies have revealed the nutritional and 
medicinal properties associated with kaempferol rutinoside, rutin and isorhamnetin 
rutinoside (Calderón-Montaño et al., 2011; Nijveldt et al., 2001; Ayyanar et al., 
2012). Pre-clinical trials have also shown that kaempferol and its glycosides, such 
as rutinoside, possess pharmacological properties associated with antioxidant, anti-
inflammatory, anti-diabetic, anti-allergic to name a few (Calderón-Montaño et al., 
2011). Isorhamnetin rutinoside has been shown to possess cytotoxic effects that 
have been proven to reduce human leukaemia cells (Boubakeret al., 2011). Lastly 
rutin, one of the most sought after compounds, is not only known to treat chronic 
ailments such as diabetes, hypertension and hypercholesterolemia but is also known 
to aid in the cure of neurodegenerative diseases caused by oxidative stress (Sharma 
et al., 2013; Park et al., 2014). The rutinoside bearing molecules in the tested 
cultivars confirm that the leaves of M. oleifera from cultivars TOT4977, CHM and 
TOT5330 to be a valuable source of the nutritional and medicinal applications 
stated earlier. Furthermore, this information could aid in improving competitiveness 
of the local sector as opposed to sourcing foreign products for nutritional purposes 
(Mendieta- Araica et al., 2011). In a study by Förster et al., (2015) ecotypes 
TOT4880 and TOT7267 were recommended for biomass, nutritional and medicinal 
purposes, however, kaempferol, rutin and isorhamnetin rutinoside were not 
identified in these cultivars in that present study (Förster et al., 2015). 
4.0 Conclusions  
In conclusion, we attempted to correlate kaempferol rutinoside, rutin and 
isorhamnetin ruinoside as chemotaxonomic markers for distinguishing between 12 
cultivars of M. oleifera from different locations. Principal component analysis 
(PCA) and hierachichal clustering analysis (HCA) based on the metabolites in the 
leaves of the different M. oleifera cultivars gave us a visual representation on how 
they relate to each other. With the aid of box-whiskers plots it gave us an indication 
that the variety of the rutinoside bearing molecules in these cultivars is due to the 
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unique genetic makeup of each cultivated M. oleifera cultivars. This study 
highlights the importance of determining plant secondary metabolites for 
cultivation purposes and that optimum cultivation of M. oleifera for nutritional and 
medicinal purposes should be highly dependent on the cultivar. Therefore, Moringa 
oleifera cultivars TOT4977, CHM and TOT5330 could be used as potential sources 
for neutraceuticals and medicinal purposes. Additional quantification of 
kaempferol rutinoside, rutin and isorhamnetin rutinoside should be implemented to 
investigate the concentration of these molecules. It is also recommended that the 
superior cultivars should be tested in vitro and possibly in field trials in M. oleifera 
cultivation areas.  
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Chapter 5: Conclusion and Future Prospects 
 
In this chapter, conclusions based on experimental work based on the publications 
in Chapter 4 is discussed. The work carried out in this research as well as future 
prospects is outlined.  
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5.1 General conclusion 
  
In summary, the use of UPLC –qTOF-MS for semi-targeted metabolic profiling and 
metabolic identification in Moringa was reported in this thesis. The aim of this 
thesis was to develop a metabolic fingerprinting approach by UPLC-qTOF-MS that 
can be used for taxonomic classification of Moringa plant species. 
Retention time information together with accurate mass measurements led us to the 
identification and characterization of pharmacologically active metabolites such as 
flavonoids and chlorogenic acids in M. oleifera and M. ovalifolia plant species. 
Moreover, flavonoids and chlorogenic acids were reported for the first time in the 
leaves of M. ovalifolia, which is endemic to Namibia. In M. ovalifolia, the profiling 
and annotation of CGA molecules with the aid of in-source-collision–induced 
dissociation (ISCD) together UPLC-qTOF-MS, successfully profiled geometric 
and regional isomers in this plant further highlighting the use of M. ovalifolia for 
medicinal and nutritional purposes. The outcomes of the results recommend that 
metabolite profiling is viewed as a valuable apparatus for recognizing the metabolic 
conditions of these two species and further understanding the relationship of 
flavonoid and chlorogenic metabolites as per these two species. The results also 
highlighted the complexity and importance of correct taxonomic classification 
illustrated by the correct identification of the sugar attachment to the flavonoid 
aglycone.  
Furthermore, a specific subset of LC-MS flavonoid ions such as quercetin 
rutinoside (rutin), kaempferol rutinoside and isorhamnetin rutinoside that were 
found in M. ovalifolia was further used as biomarkers for twelve M. oleifera plant 
cultivars in an attempt to create a grouping model to decipher similarities and 
differences between these cultivars developing at a similar place, however, initially 
from various areas. 
Chemotaxonomic metabolite profiling of 12 M. oleifera cultivars using UHPLC-
qTOf-MS combined with multivariate statistical analysis added to the data 
complementarity and facilitated in determining the relationship between the 
cultivars. The box-whiskers plots with the aid of biomarkers identified specific 
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Moringa cultivars that could be used for nutritional and therapeutic purposes. 
Considering the outcome of the statistical analyses, the classification model with 
the aid of the biomarkers appears to represent a novel approach for metabolic 
fingerprinting amongst related species. Furthermore, this study has demonstrated 
the effectiveness of an UHPLC-MS-based platform in comparing the metabolite 
profiles of the Moringa species. As the distribution of these annotated metabolites 
were found to vary from one cultivar to cultivar, the results verify that not all M. 
oleifera species that are cultivated and harvested are similar and that they vary from 
one another. In addition, a semi-targeted metabolomics approach based on an 
UHPLC-qTOF-MS platform and multivariate data models was found to be effective 
and shows the potential to identify pharmacological and nutritionally relevant and 
important metabolites. 
That being said, the current study provided an in-depth insight into the metabolome 
of different M. oleifera extracts and M. ovalifolia extracts. And thus, paves the way 
for the advancement in analytical manipulation and holistic utilization of all 
properties of Moringa. This study further reflects the need to further elucidate 
underlyning biochemical differences for general plant research purposes.  
 
5.2 Future prospects 
 
 To improve the robustness of this system, future studies should also focus 
on studying Moringa cultivars from other species such as Moringa 
Stenepotala to determine a superior Moringa species and to analyse the 
concentration of other secondary metabolites such as chlorogenic acids and 
glucosinolates amongst the Moringa species.  
 
 Using plant metabolome studies to differentiate various Moringa powder 
products on the market and to ascertain quality of the various products. 
 
 Using plant metabolomics studies to look at different M. oleifera plants 
growing in the SADC region and in other regions of Africa and compare 
superiority in terms of geopgraphical location and cultivar or specie types.  
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 To compare nutritional and herbal compounds in Moringa with other 
African indigenous plants such as Rooibos, Amaranthus (black jack) and 
others. This is important so as to know how Moringa compliments to these 
in nutritional and herbal compounds.   
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Abstract 
Moringa oleifera Lam. (Moringaceae), known as “drum stick” is a multi-purpose plant that 
has many nutritional and medicinal properties. Motivated by pharmaceutical and nutritional 
considerations, this metabolic profiling study aims to identify superior Moringa cultivars for 
that purpose. Moreover, this study was also aimed to identify genetic variations amongst the 
cultivars. Further classification by hierarchical clustering analysis, principal component 
analysis, cloud plots and heat maps demonstrated significant differences between the samples 
based on their biochemical differences. Such metabolomics approaches can be used in the 
context for identification of superior Moringa cultivars.  
 
1. Introduction 
 
M. oleifera Lam., belonging to the Moringaceae family is native to India and is commonly 
cultivated in Asia and in many African countries. In Africa, countries such as Malawi, Ghana 
and Senegal are said to have the highest cultivation of M. oleifera trees (Pakade et al., 2013). 
The trees are cultivated mainly for their leaf material because they exhibit high contents of 
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metabolites such as phenolic acids and flavonoids associated with various pharmacological 
activities (Förster et al., 2015). In fact, a number of studies to determine the nutritional 
composition have confirmed the usage of M. oleifera as a dietary supplement (Habtemariam et 
al., 2015).  Not only is M. oleifera known for its potential as a nutritional supplement but is 
also known for its medicinal properties such as antimicrobial, anti-inflammatory, detoxifying 
and anti-cancerous properties (Förster et al., 2015).  
Currently, the search for rutin amongst neutraceutically important plants has gained momentum 
primarily due to its medicinal and nutritional properties and has previously been used as a 
biomarker for the selection of a superior Moringa cultivar (Makita et al., 2016).  Despite the 
astounding properties that  rutin possesses, it has been recognised that the importance of rutin 
has been over-emphasised relative to the many other (unknown) contributory compounds that 
could make the Moringa cultivar nutritionally and pharmacologically superior. 
 
During the last decade, there has been an increase in the cultivation of Moringa trees due to its 
high biomass under intense farming conditions (Makkar and Becker, 1996). Plant breeding 
does not only improve the agronomic and medicinal traits of plants, but techniques such as 
marker-assisted systems can be used as a useful tool to aid in hybrid selection (Canter et al., 
2005). The use of plant metabolomics has made it possible to analyse the metabolomic 
composition between plant species and cultivars, therefore, giving us a broad perspective of 
the phenotypic and genotypic differences amongst plant varieties as a result of gene expression 
(Farag et al., 2014). Metabolomic approaches in combination with chemometric data tools  
such as multivariate data analysis (MVDA) models allows key biological information to be 
interpreted from complex data sets as shown in Paper III (Kwon et al., 2014; Madala et al., 
2014). In this study, a comparative study using various contrasting yet complementary 
multivariate statistical analysis platforms such as principal component analysis (PCA), 
hierarchal clustering analysis (HCA), cloud plots and heat maps from the XC-MS online 
software were utilised to reveal underlying differences of the metabolic profile, relationship 
and health promoting attributes amongst twelve diverse M. oleifera cultivars and four 
representative Moringa cultivars 4893, 5028 and TOT7266. Results from this study will 
provide new knowledge about the bioactive compounds found in these cultivars and further 
provide information to agronomists and farmers in the search for a superior and optimal 
Moringa cultivar. 
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2.0 Material and Methods 
 
2.1 Plant collection 
 
Twelve M. oleifera Lam. cultivars were collected from different geographical locations around 
the world and cultivated at the Agricultural Research Council (ARC) in Roodeplaat, Pretoria 
(South Africa). Eight cultivars from the World Vegetable Centre (AVRDC) in Thailand which 
included: TOT4893 (“4893 in text”), TOT4951 (“4951” in text), TOT4977 (“4977” in text), 
TOT 5028, TOT5077 (“5077” in text), TOT5169 (“5169” in text), TOT5330 (“5330” in text) 
and TOT7266. One cultivar from Taiwan which included: TOT4100 (“4100” in text). One 
cultivar from USA TOT4880 (“4880” in text). Three cultivars from South Africa which 
includes: Silver Hill (SH), CHM and Limpopo (“LIM” in text). The same management 
practices were applied to the cultivars. They were grown with no fertilizer and watered three 
times a week and was subjected to the same management practices. The plat cultivars were 
harvested at 8 months after planting. 
 
2.2 Metabolite extraction 
 
The leaves of the twelve Moringa cultivars were air-dried then the dried leaves were crushed 
using pestle and mortar to a fine powder. The metabolites were extracted from the crushed 
leaves (2 g) using 80% MEOH (20 mL). The samples were sonicated for 30 min using an 
ultrasonic bath (SB-120DT, Loyal Key Group (Hong Kong) Co. Ltd). The tissue debris was 
separated from the homogenate by means of centrifugation at 5000xg for 10 min at room 
temperature (25ºC). The supernatant liquid was decanted in a clean tube and dried to 
approximately 1.5 mL using a rotary evaporator apparatus at 55ºC. The 1.5 mL extract was 
then transferred to a 2 mL Eppendorf tube and subsequently dried to completeness using a 
speed vacuum concentrator at 45ºC under negative vacuum (Eppendorf, Merck, South Africa). 
The resulting pellet was reconstituted in 1 mL 50% MeOH and finally filtered through 0.22 
µm nylon filters. The resulting extracts were then stored in a freezer at -20ºC to avoid 
degradation until they were analysed on the UPLC- qTOF-MS. 
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2.3 UPLC conditions 
For the evaluation of metabolites in M. oleifera cultivars, UPLC coupled to a SYNAPT G1 
HDMS mass spectrometer was used to generate accurate mass data (Waters, MA, USA).  The 
column used for chromatographic separation of the Moringa extracts (1 µL) was accomplished 
using a 30 min long gradient chromatographic method, on a Waters BEH C18 reverse phase 
column (150 mm x 2.1 mm, 1.7 µm). For chromatographic elution, a binary solvent mixture 
was used consisting of 0.1% formic acid in deionized water (Eluent A) and 0.1% formic acid 
in acetonitrile (Eluent B). The chromatographic gradient was as follows: the initial conditions 
were 98% eluent A followed by multiple gradients to 5% A at 26 minutes. The conditions were 
kept constant for 1 minute and then changed to the initial conditions. The flow rate was set at 
0.4 mL/min and maintained for 1 minute and the column was finally re-equilibrated for 3 min 
prior the next run. Chromatographic separation was monitored initially using a photodiode-
array (PDA) detector coupled in tandem to an electrospray ionization mass spectrometer (ESI–
MS) detector. The PDA detector was set to scan 200-500 nm and collecting 20 spectra per 
second.  
 
2.4 MS-conditions 
Chromatographic separation (of the 1.5 mL extract) was performed on an ACQUITY UPLC 
system (Waters Corporations, Milford, MA) using a conditioned autosampler at 4 ∘C. For MS 
detection, an electrospray ionization quadrupole time-of-flight mass spectrometry (ESI-qTOF-
MS) detector was used.   Leucine enkephalin (556.227/554.2615 Da) was used as reference 
calibrant to obtain typical mass accuracy of at least 5 mDa at a flow rate of 0.1 mL/min. The 
optimal comditions of analysis are as follows: The mass spectrometer was operated in negative 
and positive ionization mode with a capillary voltage of 2.5 kV, the sampling cone at 30 V, 
and the extraction cone at 4 V, multichannel plate detector potential at 1600 V, source 
temperature at 120°C, desolvation temperature at 450°C, cone gas flow at 50 L/h, and 
desolvation gas flow at 550 L/h.  The scan time was 0.2 seconds and an inter-scan delay of 0.02 
s covering the mass range of 100 to 1000 Da. The fragmentation patterns of the compounds 
were obtained in a MS file with three functions.  The settings are as follows: Function 1 un-
fragmented using tune page settings; Function 2 a Trap Collision Energy Ramp (TCER) of 10 
- 30 V; Function 3 a TCER of 15-50 V.  
 
2.5 Multi-variate data analysis (MVDA) 
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To create a data matrix for multivariate data modelling, the acquired raw data was imported to 
SIMCA version 13.0 (Soft independent modelling of class analogy) software (Umetrics 
Corporation, Umea, Sweden) and XCMS online (https://xcmsonline). Initially, the UPLC-MS 
data was exported and analysed with the aid of the MarkerLynx XS™ software (Waters, 
Manchester, UK). The following parameters were used for maximum data output: The 
following parameters were chosen: retention time (Rt) of 1–27 min, mass range of 100–1000 
Da, mass tolerance of 0.02 Da and Rt window of 0.2 min. The analyses conditions/parameters 
were kept constant for both negative and positive data. The dataset obtained from MarkerLynx 
XS™ was transported to the SIMCA 13.0 software to generate principal component analysis 
(PCA) and hierarchal clustering analysis (HCA). Pareto scale was utilised for both models. 
PCA and HCA are utilised as visual tools to determine the differences between samples based 
on their metabolic profiles.  The validity of the generated models were determined by metabolic 
diagnostic tools such as: cumulative model variation in the matrix X, R2X (cum) which is the 
goodness-of-fit-parameter the proportion of the variance of the response variable that is 
explained by the model, R2Y (cum) and predictive ability parameter (R2Y (cum)), also known 
as the total variation fraction of matrix X predicted by an extracted components (Mhlongo et 
al., 2016; Ni et al., 2008; Sadeghi-bazigani et al., 2011). 
Moreover, the data was analysed using interactive XCMS Online which is a web- interfaced, 
automated, metabolomics data processing software intended to identify biomarkers of which 
the relative intensity varies between sample groups (Mhlongo et al., 2016). The Mass Lynx 
raw data (.raw) was converted with the aid of Data bridge software (Waters, MA, USA) and 
transferred to the XCMS Online statistical package which is freely available at 
(https://xcmsonline.scripps.edu). The method parameters were chosen for UHPLC/UHD-
QTOF specificities and were as follows: (i) feature detection set as centWave method, 
minimum peak width = 5, maximum peak width = 20, (ii) Rt correction set as Obiwarp method, 
Profstep = 1, alignment set as m/z width = 0.015, min- fraction = 0.5, bw = 5, and statistics set 
as statistical test = Unpaired parametric t-test (Welch t- test), paired t-test and post-hoc analysis 
with the threshold p-value = 0.01 and fold-change = 1.5. The software further calculates the p-
values as well as fold-changes of the metabolites (variables) across different samples of varying 
biological background. MVDA such as PCA score plots, HCA, Heat maps and Cloud plots 
were generated to detect major differences between the Moringa cultivars (Mhlongo et al., 
2016). 
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3.0 Results and Discussion 
 
3.1 Multivariate data analysis and visual chromatograms  
The combination of spectroscopy and multivariate data analysis is an efficient tool to obtain 
quanitative and qualitative information. Chemometric data evaluation stemming from BPI 
chromatograms as well as PCA and HCA analysis of the 12 Moringa cultivars were discussed 
in detail in Chapter 4, Paper III.  To reduce the level of complexity and the number of variables 
in the data set, three representative cultivars namely 4893, 5028 and TOT7266 were compared 
and analysed further with the aid of XC-MS Online software. Cultivar 4893 was taken from 
the first clade in the HCA dendogram, 5028 was taken from the first subgroup under clade 2 
and 4893 was taken from the second subgroup under clade 3 (Refer to Paper III, Fig. 8). 
3.2 Principal component analysis score plot with the aid of XCMS online software 
Although principal component analysis (PCA) and HCA are effective tools for determining 
differences between cultivars, it does have its own limitations. Therefore, XCMS online was 
used to further complement SIMCA 13.0 to aid in further identifying more metabolites between 
the three cultivars. Another PCA score plot was performed utilising the representative cultivars 
4893, 5028 and TOT7266. The relationship between the cultivars were properly differentiated 
only when they were analysed independent of the rest of the cultivars. The PC1 (35%) vs. PC2 
(22%) score plot of the data produced three independent clusters of the cultivars again with 
4893 separating from the rest of the cultivars (Fig. 1). The distribution of the three cultivars 
was similar to that observed among the twelve cultivars in Paper III, Fig. 7. The independent 
clustering gives an indication of the differences in the chemical composition amongst the 
cultivars, which may be responsible for differences in their bioactivity. Therefore, we 
conducted further analysis to determine which analytes contributed to the variance in 
bioactivity with the aid of multi-group cloud, heat maps and box whiskers plots. 
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Fig. 1: PCA analyses of cultivars 4893, 5028 and TOT7266: PCA score plot illustrating 
the different clustering of samples corresponding to their different biochemical profiles.  
 
3.3 Mutli-group cloud plot  
A multi-group cloud plot from the XCMS online software was generated to visualise and 
compare statistical significant metabolites between cultivars. Multi-group cloud plot analysis 
can be considered as an important tool to distinguish important metabolites with specific 
functional roles and to characterize metabolic patterns specific to the different Moringa 
cultivars. Multi-group cloud plots present significant metabolite features across different 
analysed groups or data classes (Gowda et al., 2014). Each significant compound is represented 
as a bubble and the feature assignments are represented by m/z, retention time, p-value and 
direct fold change (Gowda et al., 2014). The size of each bubble is represented by the direct 
fold change: the bigger the bubble, the bigger the fold change (Patti et al., 2013; Godwa et al., 
2014). Statistical significant metabolites are based on the colour intensity of each bubble and 
was calculated by the Welch’s t-test with unequal variance (Gowda et al., 2014; Benton et al., 
2008). The colour intensity of each bubble is represented by the p-value (p <0.01). Low p-
values have a darker intensity while features with higher p-values are brighter (Patti et al., 
2013; Gowda et al., 2014; Benton et al., 2008).  The y-axis corresponds to the m/z ratio while 
the x-axis is the retention time (Rt) of the compound. Each feature, with a black border is 
connected to a METLIN database to provide tentative identification and characterization of 
untargeted metabolites based on their m/z values (Gowda et al., 2014). Cultivars 4893, 5028 
and TOT7266 were compared and generated by XCMS online and are presented as multi- 
group cloud plots (Fig. 2) XCMS Online identified 92 features. According to the cloud plot, 
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statistical significant metabolites consisted of flavonoids, glucosinolates and chlorogenic acids.  
Characterization of the untargeted metabolites was confirmed by the METLIN database as well 
as previously published data (Makita et al., 2016). Box-plots were illustrated to further confirm 
the specificity and significant secondary metabolites found in the cultivars. 
 
Fig. 2: XCMS interactive cloud plot. Shown are cloud plots of cultivars 4893, 5028 and TOT 
7266. Each dot represents a specific feature, specifically, an ion with its m/z and retention time 
(Rt).  The annotated biomarkers displayed in the interactive cloud plot were associated with 
the highest statistical significance (p ≤ 0.01).   
 
3.4 Heat-map and box whiskers plots 
The correlation between each cultivar can be further visualised in the form of a heat map which 
also includes a hierarchical clustering dendogram. Just like the cloud plot, the heat map gives 
an overview of all the samples in the dataset by emphasising the holistic differences in the 
complex metabolic data (Fujimura et al., 2011). The HCA confirmed two distinct clusters 
defined by the three cultivars (Fig. 3). The HCA was not in absolute agreement with the PCA 
shown in Fig. 1. Previously, we had observed that cultivar 4893 was different from the other 
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Moringa cultivars by forming an independent cluster (Chapter 4, Paper III). In Fig. 3, however, 
we see that although two clusters are present in the HCA, 4893 appears in both clades relating 
to TOT7266 and 5028. Interestingly, the three cultivars originally were sampled from the world 
vegetable center (AVRDC) in Thailand, therefore it would appear from the HCA that they have 
some common points of origin in evolutionary history, and given the even spread amongst 
these cultivars demonstrated in the PCA, the results highlight that genetic modification is an 
important contributor to metabolite variability. 
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Fig. 3: Interactive heat 
map with metabolomics 
data visualisation.  
Metabolite features 
indicating significant 
metabolites (p ≤ 0.01) 
across cultivars 5028, 
4893 and TOT 7266. The 
scale value of each 
feature is represented by 
a red-blue colour scale. 
The red indicates high 
abundance and the blue- 
low abundance. Each 
symbolizes a metabolite 
feature and each row 
symbolizes a sample 
(Ivaniseck et al., 2014). 
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3.5 Annotation of metabolites  
The annotation of the metabolites were provided by the METLIN metabolic database which 
produced a list of putative identities based on accurate mass measurements 
(http://metlin.scripps.edu). Furthermore, confirmation of these annotations was implemented 
by generating fragmentation patterns from extracted ion chromatograms (EIC) in negative ion 
(Ncube et al., 2014; Makita et al., 2016). A total of 15 m/z ions were tentatively annotated as 
shown in Table 1 below. The annotated molecules were flavonoid molecules and 
glucosinolates. Interestingly, a recent report by Rodriguez-Perez et al., (2015) revealed a 
similar qualitative profile of these compounds in M. oleifera extracts sampled from 
Madagascar. 
Table 1: Tentative characterization the bioactive compounds of M. oleifera 
Compound 
No. 
Rt 
(min) 
Mass  
( m/z) 
Annotation Molecular 
Formula 
Database 
1 8.69 593.1465 Apigenin 6,8 C-dihexose C27H30O15 Metlin/ 
Tandem 
MS 
2 9.98 651.1537 Kaempferol acetyl 
dihexose 
C29H32O18 Metlin/ 
Tandem 
MS 
3 14.21 463.0844 Quercetin Hexose  C12H20012 Metlin/ 
Tandem 
MS 
4 16.41 607.1299 Quercetin hydroxy-
methylglutaroyl hexose 
C27H28O16 Metlin/ 
Tandem 
MS 
5 16.46 505.0932 Quercetin acetyl-hexose C23H21O13 Metlin/ 
Tandem 
MS 
6 16.62 447.0917 Kaempferol hexose C21H20011 Metlin/ 
Tandem 
MS 
7 17.17 477.1031 Isorhamnetin hexose C22H22O11 Metlin/ 
Tandem 
MS 
8 17.35 549.0897 Quercetin malonyl hexose C23H22011 Metlin/ 
Tandem 
MS 
9 18.10 591.1358 Kaempferol hydroxy-
methylglutaroyl hexose  
C27H28O15 Metlin/ 
Tandem 
MS 
10 18.11 489.0955 Kaempferol acetyl- 
hexose 
C23H22O11 Metlin/ 
Tandem 
MS 
11 18.48 533.0917 Kaempferol malonyl 
hexose 
C24H22O14 Metlin/ 
Tandem 
MS 
12 18.41 519.1108 Isorhamnetin acetyl-
hexose 
 C24H24O13 Metlin/ 
Tandem 
MS 
13   Glucomoringin  Metlin 
14   4-(2′-O-Acetyl-α-L-
rhamnopyranosyloxy) 
benzyl glucosinolate 
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15   4-(3′-O-Acetyl-α-L-
rhamnopyranosyloxy) 
benzyl glucosinolate 
  
 
  
3.5.1 Comparison of annotated metabolites across the three Moringa cultivars 
3.5.1.1 Flavonoids 
Flavonoid glycoside molecules were tentatively annotated in the three cultivars and 
characterised (as shown in Table 1). Flavonoid compounds are biosynthesized through the 
phenylpropanoid pathway (Marques and Farrah, 2009; Sato et al., 2011). Flavonoids are 
neutraceutically and pharmacologically relevant to human health which arises from the 
antioxidant activities of these polyphenolic acids (Yao et al., 2004). Box and whiskers plots 
were generated for the relative concentration and differentiation of the annotated metabolites 
across the three cultivars (Fig. 4, 5 and 6).  
According to the box-whiskers plot, the distribution of the flavonoid glycosides identified 
varied amongst the cultivars. Compounds such as quercetin hexose (m/z 463) and kaempferol 
hexose (m/z 447) had the highest relative peak intensity amongst cultivars TOT7266 and 5028 
(Fig. 4). According to Watson et al., (2014), these compounds are found to be the most 
ubiquitous in foods, with quercetin having the ability to neutralise free radicals. Interestingly, 
when comparing the distribution of quercetin hexose and kaempferol hexose, the cultivars have 
contrasting differences in relative concentration. For instance, the concentration of quercetin 
hexose in 5028 was higher compared to the rest of the cultivars, but in kaempferol hexose, the 
concentration was lower compared to the rest of the cultivars. The same applied when 
comparing the concentration of quercetin acetyl hexose (m/z 505) and kaempferol acetyl 
hexose (m/z 489) across the three cultivars (Fig. 5). A similar scenario was reported in 
strawberry fruits where the content of quercetin-3-glucuronide was significantly higher than 
flavonols  kaempferol 3-glucuronide (Aaby et al., 2007). On the other hand, we see that the 
opposite is true for the compound vicenin-2 (known as apigenin 6, 8-di-C-glucoside) as cultivar 
5028 has the lowest concentration of this compound compared to others (Fig. 4). Vicenin-2 is 
known to treat human skin from UV-radiations (Das et al., 2013), which may be useful in the 
cosmetic industry. It also has the potential to be a pharmacological agent due to its anti-
inflammatory, antioxidant and anti-tumor effects. Cultivar 5028, therefore, is not suitable for 
cosmetic applications, but rather cultivar 4893 which exhibited the highest amount of vicenin-
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2. The variation in the flavonoid content amongst cultivars was opposite to what was reported 
by Ndlhala et al., (2014), which showed cultivars TOT5028 and TOT4893 exhibiting the 
lowest flavonoid content amongst the twelve cultivars, however, according to these results, the 
variation differs amongst the cultivars. 
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Fig.  4:  Box and whiskers plots of the relative peak areas of annotated flavonoid biomarkers: Shown are the relative concentration of (A) 
Quercetin hexose; (B) Kaempferol hexose; (C) Vicenin-2 (Apigenin). 
C 
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Fig.  5:  Box and whiskers plots of the relative peak areas of annotated flavonoid biomarkers: Shown are the relative concentration of (D) 
Quercetin acetyl hexose; (E) Kaempferol acetyl hexose. 
 
 
 
D E 
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Fig.  6:  Box and whiskers plots of the relative peak areas of annotated flavonoid 
biomarkers: Shown are the relative concentration of (F) Quercetin rutinoside. 
 
According to previous studies, the main compound responsible for the antioxidant activity in 
Moringa and its various other medicinal properties is primarily caused by rutin (quercetin 
rutinoside). Similarly in elderberries, rutin was found to be the most abundant amongst the 
flavonols identified (Habtemariam et al., 2015 and Mudgea et al., 2016). In our previous work, 
rutin as well as other rutinoside bearing compounds, such as kaempferol rutinoside and 
isorhamnetin rutinoside, were considered as chemotaxonomical biomarkers for the 
identification of superior cultivars for pharmacological purposes. With the aid of box-whiskers 
plots cultivars TOT4977, CHM and TOT5330 were considered to be the superior cultivars 
amongst the twelve cultivars and 4100 the weakest due to the absence of rutin. The absence of 
rutin in cultivars 5028, 4893 and TOT7266 indicated that they are also not suitable for 
pharmacological purposes and don’t fall under the category of superior cultivars. Interestingly, 
a report by Mudgea et al., (2016) indicated an elderberry sample (sample 425) contained a very 
small amount of rutin and a considerable amount of quercetin. Authors attributed the 
degradation of rutin was responsible for the high content of quercetin, of which we found was 
F 
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true in cultivars 4100, 5028, 4893 and TOT7266. This further indicates that these varieties 
could be genetically similar (Mudgea et al., 2016).  
Cultivars 4893, 5028 and TOT7266 have different phytochemical profiles. On average, their 
total relative flavonoid distribution is lower in comparison to the rutinoside bearing cultivars 
mentioned in Chapter 4. Researchers have found that plants grown in warmer climates tend to 
have a higher flavonol content (Mudgea et al., 2016), however, the seedlings of the rutinoside 
bearing cultivars were grown under the same environmental conditions and so the significant 
differences in their high flavonoid profile is based on genotype that is influencing the high 
metabolic profile of the rutinoside bearing cultivars. 
3.5.1.2 Glucosinolates 
Glucosinolates are sulfur-rich secondary metabolites that are primarily known for their anti- 
cancer properties (Malabed and Noel, 2013). According to Table 1, three significant 
glucosinolates such as glucomoringin (m/z 570.176), 4-(2′-O-Acetyl-α-L-
rhamnopyranosyloxy) benzyl glucosinolate (m/z 612.1043)  and 4-(3′-O-Acetyl-α-L-
rhamnopyranosyloxy) benzyl glucosinolate (m/z, m/z 612.1087) were found to be the highest 
metabolites identified in cultivars 4893, 5028 and TOT7266 were identified. The relative 
concentration were confirmed using box and whiskers plots shown in Fig. 7 and Fig. 8. 
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Fig.  7:  Box and whiskers plots of the relative peak areas of annotated glucosinolate biomarkers: Shown are the relative concentration of 
(G) Glucomoringin; (H) 4-(2′-O-Acetyl-α-L-rhamnopyranosyloxy) benzyl glucosinolates. 
G
F 
H 
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Fig.  8:  Box and whiskers plots of the relative peak areas of annotated glucosinolate 
biomarkers: Shown are the relative concentration of (I) 4-(3′-O-Acetyl-α-L-
rhamnopyranosyloxy) benzyl glucosinolate. 
 
According to the box and whiskers plots, glucomoringin was found to be the highest 
glucosinolate and was found in cultivar 4893 which would explain the tight clustering and 
grouping of this cultivars illustrated in the HCA and PCA score plots in (Fig.1 and Paper III, 
Fig. 7 and 8). The presence of glucomoringin as well as its acetyl derivatives are known to 
possess many biological activities such as antimicrobial, antiproliferative and anticarcinogentic 
properties (Cheenpracha et al., 2010; Maldini et al., 2014). Cultivar 5028 is capable of 
producing high yields of 4-(2′-O-Acetyl-α-L-rhamnopyranosyloxy) benzyl glucosinolate and 
4-(3′-O-Acetyl-α-L-rhamnopyranosyloxy) benzyl glucosinolate (Fig. 9). According to 
Martinez-Ballesta et al., (2013), environmental conditions such as abiotic stress, salinity, 
drought, extreme temperatures, light and nutrient deprivation was considered to increase the 
glucosinolate profiles of Brassica sp. These results further suggests that cultivar 4893 could be 
considered for the treatment of certain diseases and ailments, however, when it was compared 
to the rutinoside bearing cultivars, results showed that they contained higher glucosinolate 
concentration, more so in cultivar 4977. Interestingly, previously we had considered cultivar 
4100 as the weakest cultivar, however, in this current study where the focus was not only on 
flavonoids, the cultivar was found to contain a moderately high concentration of 4-(2′-O-
I 
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Acetyl-α-L-rhamnopyranosyloxy) benzyl glucosinolate and 4-(3′-O-Acetyl-α-L-
rhamnopyranosyloxy) benzyl glucosinolate as shown in the figures below (Fig. 9).  
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Fig.  9:  Box and whiskers plots of the relative peak areas of annotated glucosinolate biomarkers: Shown are the relative concentration of 
(H) 4-(2′-O-Acetyl-α-L-rhamnopyranosyloxy) benzyl glucosinolates; (I) 4-(3′-O-Acetyl-α-L-rhamnopyranosyloxy) benzyl glucosinolate. 
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The information in the data implies that the production of highly sought after compounds, for 
instance, for cosmetic or pharmaceutical applications is cultivar specific. The cultivars used in 
this study were grown in the same conditions after collecting the seeds from different 
geographical locations. Therefore, it is expected that the metabolomic differences amongst 
species observed could not be due to environmental factors such as climate, soil condition and 
biotic stress, but rather due to the inherit character of each cultivar, that is, their genetic 
composition (Da et al., 2015). Due to the genetic diversity exhibited from these cultivars, this 
information can allow plant breeders to produce more useful and productive Moringa crop 
varieties by exploiting genes within the plant species itself.  
Although many plant metabolomic studies have been implemented highlighting genotype, 
climatic variables and cultivation methods, there hasn’t been many studies demonstrating the 
relationship between bioactive metabolites and numerous cultivars in a plant species like 
Moringa. Fujimura et al., (2011) implemented a similar metabolomics driven study amongst 
diverse green cultivars. This study illustrates the effectiveness of metabolic profiling by using 
a chemometric approach with the aid of multivariate statistical analysis to determine the best 
suitable Moringa cultivar for pharmaceutical, nutritional and cosmetic purposes. 
4.0 Conclusion 
The current study demonstrates chemotaxonomy as a powerful tool for investigating superior 
cultivars based on genetic diversity. Based on our results, we can see that the cultivars 
investigated have significantly different metabolomes. From our results, we can specify 
differential properties between cultivars using statistical platforms which can be utilised for 
future application for identification of superior cultivars. Importantly, with all the platforms 
utilised in the study, profiles of cultivars 5028, 4893 and TOT7266 and rutinoside bearing 
cultivars were found to differ. Thus, biomarkers such as flavonoids and glucosinolates can be 
used as potential biomarkers for selection of superior cultivars. 
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